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system  configurations  used  In  physiological  monitoring. 
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ABSTRACT 


Thti  volume  surveys  the  components  used  In  phystologleol  monitoring  systems, 
primarily  those  suitable  for  aerospace  applications.  Discussion  Includes  performance 
characteristics  and  capabilities,  plus  some  background  theory,  on  basic  components 
such  as  electrodes  and  transducers,  signal  modifiers,  and  graphic  recording  and  display 
devices.  The  use  of  magnetic  tape  recorders  In  Instrumentation  Is  described.  Wire  and 
radio  transmission  equipment  ts  discussed,  plus  various  schemes  of  modulation  and  mul- 
tlplexlng .  The  capabilities  of  digital  and  analog  computers  and  other  data  processing 
equipment  are  described,  and  the  analysis  of  physiological  data  with  such  equipment  Is 
briefly  dtseussed. 


PUBLICATION  REVIEW 

This  technical  documentary  report  is  approved. 


EVAN  R.  GOLTRA,  ]R. 

Lt  Colonel,  USAF,  MC 
Chief,  Biophysics  Laboratory 


TABLE  OF  CONTENTS 


Page 

SECTION  I  -  SENSING  DEVICES 


GENERAL . . .  1 

ELECTRODES .  3 

I  General  Electrode  Character  titles  . . 3 

A.  Sources  of  Body  Potential*  . .  3 

B.  Electrode  Material*  . . 3 

II  Electrode*  for  the  Measurement  of  Deep  Body  Responses .  6 

A.  Metal  Plates . . . .  6 

B .  Meshes  . . 6 

C.  Metal  Cups . . .  8 

D.  Needles . 8 

E.  Metallic  Cloth . 8 

III  Electrodes  for  the  Measurement  of  Surface  Responses .  9 

A.  Metallic  Cloth  Pads . . . 9 

B.  Soft  Metal  Plates . 10 

C.  Electrolyte-Pilled  Sponge . 10 

D.  Ring  Electrodes . . 10 

IV  Attachment  Faators . . . .  11 

A.  Electrode  Placement . 11 

B.  Skin  Preparation .  11 

C.  Adhesives . 12 

D.  Mechanical  Devices  . . 12 

E.  Floating  Attachments  . . 13 

F.  Surgically  Implanted  Electrodes  . .  14 


DISPLACEMENT  TRANSDUCERS 
I  General . 


15 

15 


A.  Blood  Pressure  Measurements  . . 16 

B.  Blood  Pulse  Wave  Signals  . . . 16 

C.  Phonooardiographlc  Detection .  16 

D.  Balllsto-VIbrocardlogram  Measurements .  16 

E.  Respiration  Measurements  . .  17 


Iv 


TABLE  OF  CONTENTS  (Continued) 


Page 


II  Piezoelectric  Devices . . . .  17 

III  Variable  Resistance  Devices  . .  18 

A.  Strain  Gages  . . 18 

B.  Potentlametrlc  Devices ,  . .  .  . .  24 

C.  Carbon  Granule  Devices . .  25 

IV  Variable  Reaetance  Transducers  . .  25 

A.  Variable  Inductance  Transducers . 26 

B.  Differential  Transformers  . . 26 

.  C.  Variable  Capacitance  Transducers . . 27 

TEMPERATURE  TRANSDUCERS .  29 

I  Temperature-Dependent  Resistance  Devices .  29 

A.  Theory .  29 

B.  Resistance  Thermometers  -  Description  . . 80 

C.  Thermistors  -  Description  . .  31 

II  Thermoelectric  Devices  -  Thermocouples . .  .  32 

III  Applications  .  35 

OPTICAL  TRANSDUCERS .  36 

I  Photoconductlve  Transducers  . .  36 

A.  Theory  and  Description  . 36 

B.  Applications  of  Photoconductlve  Devices .  38 

II  Photovoltaic  Transducers  . 39 

A.  Theory  and  Description . . .  39 

B.  Applications  of  Photovoltaic  Devices . .  41 

III  Photoemlssive  Transducers  . . 42 

A.  Vacuum  Phototubes  . . 42 

B.  Gas-Filled  Phototubes  . . 44 

C.  Multiplier  Phototubes . .  47 

D.  Applications  of  Photoemlssive  Devices . 47 

ELECTROCHEMICAL  TRANSDUCERS  .  47 

I  The  Polarographlc  Cell  for  Oxygen  Sensing .  47 

II  Applications  . 48 

A.  Oxygen  Concentration  In  Blood  .  48 

B.  Respiratory  Oxygen  .  48 


v 


TABLE  OF  CONTENTS  (Continued) 

Page 


OTHER  TRANSDUCER  CONSIDERATIONS .  49 

I  Vole*  Communication  . . 50 

II  Visual  Observation  and  Recording .  50 

III  Related  Environmental  Monitoring . .  51 

A.  Velocity  Transducers  . .  51 

B.  Acceleration  Transducers  .  . . . .  52 

C.  Transducers  for  Environmental  Gas  Analysis  . . . .  52 

D.  Radiation  Detectors . . . . .  53 


SECTION  II  -  SIGNAL  MODIFIERS 


GENERAL . 56 

AMPLIFIERS . 56 

I  General  . 56 

II  Amplifier  Characteristics  . . 57 

A.  Gain . 57 

B.  Frequency  Response  . . 58 

C.  Impedance  (Input  and  Output) .  59 

D.  Drift  and  Stability . . . .  59 

E .  Hum  and  Noise .  60 

F.  Transient  Blocking  . .  60 

G.  Common  Mode  Rejection  . . 61 

H.  Linearity . 61 

I.  Power  Output  . . 61 

J.  Dynamic  Range . 62 

III  Classification . 62 


A. 

B. 

C. 

D. 


The  Stage  Concept 
Classes  of  Stages 


Interstage  Coupling  and  Stage  Termination 


Special  Systems  .  . 


62 

68 

71 

74 


OTHER  SIGNAL  MODIFIERS 


78 


I 

II 

III 

IV 

V 

VI 


Attenuators . 

Modulators . 

Demodulators  .  .  .  . 
Differentiators  .  .  . 

Integrators  . 

Filter  Networks  .  . 


78 

79 
61 

83 

84 

85 


TABLE  OF  CONTENTS  (Continued) 


Page 

VII  Limiter* .  87 

VIII  Pulie  Generator*  .  . . 87 

IX  Triggering  Circuit* . 89 

SECTION  III  -  PRESENTATION  DEVICES 

GENERAL  . 90 

INDICATORS  . . .  90 

I  Panel  Meter  or  Indicating  Dial  . . 90 

II  Digital  Meter* . 92 

A.  The  Measuring  Circuit . 93 

B.  Digital  Display . 94 

GRAPHIC  RECORDING  DEVICES . 97 

I  Direct  Writing  Galvanometrlc  Recorder* .  . ,  .  .'.  ...  .......  98 

A.  Baitc  Operation  .  .  . . . . .  .  ,  «  98 

B.  Frequency  Response . 99 

C.  Range  or  Span  . . . . .  100 

D.  Accuracy . 100 

E.  Chart  Drive . 100 

F.  Type  of  Stylus  (and  Paper) .  101 

G.  Type  of  Curve  .  102 

H.  Multichannel  Recorder* . 103 

I.  Typical  Galvanometrlc  Recorder*  . .  103 

II  Optical  Galvanometers  .  105 

A.  Meter  Movement  . 105 

B.  Galvanometer  Optic*  . 108 

C.  Chart  Processing . 109 

III  Potentlometrlc  Recorders . .  110 

CATHODE  RAY  OSCILLOSCOPE .  Ill 

I  Principal  Component*  . Ill 

A.  The  Cathode  Ray  Tube . Ill 

B.  Oscilloscope  Circuitry  . .  112 

II  Use  of  Oscilloscope . 114 

A.  Operating  Controls . 114 

B.  Time-Base  Display .  115 


TABLE  OF  CONTENTS  (Continued) 


Page 


C.  X-Y  or  Function  Plotting . .  115 

D.  Multichannel  Operation . . .  115 

III  Recording  With  the  Cathode  Ray  Oscilloscope  . .  116 

AUDIO-VISUAL  PRESENTATION  DEVICES . . .  117 

I  Audio  Devices  .  . . 117 

II  Visual  Presentation  Devices  . .  117 

SECTION  IV  -  SPECIAL  SYSTEM  DEVICES 


MAGNETIC  TAPE  RECORDING .  119 

I  Application  to  the  Measurement  Situation . 119 

II  Basic  Recording  Principles  . 120 

III  Magnettc  Recording  Techniques . 123 

A.  Direct  Recording  . 123 

B.  Indirect  Recording .  124 

C.  Digital  Recording . 125 

D.  Predetection  Recording  .  127 

IV  Component  Factors . 128 

A.  Magnetic  Heads . 128 

B.  Tape  Transports  . . 129 

C.  Typical  Performance  Parameters .  131 

TIMING  DEVICES  .  133 

I  Reference  Signals .  133 

II  Correction  Signals  . 134 

III  Time-Division  Multiplex  Control  . . 134 

IV  Sync  Signals  . . . .  .  135 

POWER  SUPPLIES .  136 

I  Description . 136 

II  Electrical  Input  Power  Supplies  .  137 

A.  A-C  to  D-C  Supplies  . .  137 

B.  D-C  to  A-C  Supplies  (Inverters)  . . 143 

III  Chemical,  Light,  and  Nuclear  Input  Supplies .  144 

A.  Chemical  Batteries  .  144 

B.  Light  Input  Power  Supplies . 147 

C.  Nuclear  Power  Supplies  . 148 


viil 


TABLE  OF  CONTENTS  (Continued) 


Page 


SECTION  V  -  DATA  TRANSMISSION  EQUIPMENT 


TRANSMISSION  REQUIREMENTS  FOR  PHYSIOLOGICAL  MONITORING  ...  149 

I  Data  Transmission  and  Telemetry  -  Definition . 149 

II  Elements  of  the  Measurement  Situation  .  . . 149 

III  Basic  Transmission  Techniques  . . 150 

A.  Magnitude  Domain  Transmission .  150 

B.  Time-Domain  Transmission  . . . .  152 

C.  Multiplexing  . . 155 

IV  Information-Bandwidth  Considerations . 157 

SYSTEM  CONSIDERATIONS .  162 

I  Wire  Systems . .  . . 162 

A.  Direct-Wire  Transmission .  162 

B.  Wire-Carrier  Transmission  . .  164 

C.  Installation  of  Wire  Links .  165 

II  Radio  Systems  . . 165 

A.  Equipment . 165 

B.  AM  Systems . 174 

C.  FM  Systems . 179 

D.  Pulse  Systems .  187 

E.  Personal  Telemetry . . .  191 

F.  Frequency  Allocations  . . 195 


SECTION  VI  -  DATA  PROCESSING  EQUIPMENT 


INTRODUCTION . 

I  Classification  of  Data  Processing  . . 

II  Classes  of  Data  Processing  Functions 

A.  Manually  Operated  Devices  .. 

B.  Automatic  Devices . 


lil  Determinants  for  Data  Processing  Method 


A.  Quantity  of  Data  . 

B.  Speed  of  Processing 

C.  Accuracy . 

D.  Versatility  . 


197 

197 

198 

198 

200 

203 

203 

203 

204 
204 


lx 


,»  V«  *  i  "j  '  ■  *,»  *  J» 


TABLE  OF  CONTENTS  (Continued) 


Page 

DIGITAL  COMPUTERS .  204 

I  Digital  Operation  . 204 

II  Component! . 207 

A.  Input  Device!  . 207 

B.  Output  Device! . . . 215 

C.  Computer  Regliter!  . . . .  217 

D.  Memory  Device! . 218 

III  Operation . 223 

A.  Programming . 223 

B,  Computer  Operation  . . 229 

ANALOG  COMPUTERS .  230 

I  Component!  . . 230 

A.  Operational  Amplifier*  . 231 

B.  Input  Device*  . 233 

C.  Output  Device*.  . .  . .  ’ . 235 

D.  Special  Devices . 236 

II  Operation . 240 

A.  Interconnection  of  Component* .  240 

B.  Normalizing .  241 

C.  Initial  Conditions . 243 

D.  Sample  Problems .  243 

DATA  PROCESSING  APPLICATIONS  IN  PHYSIOLOGICAL  MONITORING. .  244 

I  Electrocardiography  . . 245 

A.  Data  Preparation  .  245 

B.  Data  Analysis  . . 245 

II  Electroencephalography . .  .  246 

A.  Data  Preparation . 246 

B.  Data  Analysis  .  246 

III  Problems  in  Processing  of  Physiological  Data .  246 

A.  Sampling  and  Digitizing . 246 

B.  Editing .  247 

C.  Calibration .  247 

D.  Standardization  of  Data  Form  .  247 


x 


*  k  “  W * 

•  *  *  *  1  .  »  4  e  .  > 


TABLE  OF  CONTENTS  (Continued) 


Page 

BIBLIOGRAPHY .  248 

INDEX .  253 


LIST  OF  ILLUSTRATIONS 

Figure  Title  Page 

1  Typical  Plate  Electrodes . 7 

2  Typical  Mesh  Electrodes . . . 7 

3  Use  of  Collodion  With  Small  Cup  Electrode . . .  9 

4  A  GSR  Electrode  of  Metallic  Cloth  . 10 

5  Configuration  of  a  Floating  Electrode  . . 13 

6  Basic  Implanted  Electrode  Configurations . . .  15 

7  Equivalent  Circuit  for  a  Piezoelectric  Crystal . 19 

8  Unbonded  Wire  Strain  Gage  . . 19 

9  Typical  Semiconductor  Strain  Gages  (Bonded  and  Unbonded) .  22 

10  Impedance  Matching  Circuit  for  the  Mercury  Strain  Gage .  24 

11  Differential  Transformer,  With  Output  Circuit  . .  27 

12  Output  Voltage  Characteristic  of  Differential  Transformer .  27 

13  Functional  Drawing  of  a  Differential  Capacitor .  28 

14  Calibration  Graph  of  Interchangeable  Thermistors  .  31 

15  Some  Typical  Thermistor  Probes .  33 

16  Respiration  Pattern  Obtained  with  Thermistor .  35 

17  Spectral  Output  of  Tungsten  Filament  Lamps  .  . . 36 

18  Basic  Circuit  of  Photoconduetive  Transducer .  37 

19  Photoelectric  Transducer  for  Pulse  Monitoring  . . 38 

20  Construction  of  a  Photovoltaic  Transducer  . .  39 

21  Equivalent  Circuit  for  a  Photovoltaic  Transducer .  40 

22  Photoelectric  Earpiece  for  Oximetry  . . 42 

23  Basic  Circuit  for  a  Fhotoemlsslve  Transducer .  43 

24  Spectral  Sensitivity  of  Various  Photocathodes .  44 

25  Current-Voltage  Response  of  Phototubes  (Vacuum  and  Gas) ......  46 

26  An  Electrochemical  Oxygen  Sensor  . . 49 

27  Carbon  Dioxide  Gas  Analyzer . 53 

28  Phase  Versus  Frequency  Characteristic  of  an  Amplifier  .  58 


LIST  OF  ILLUSTRATIONS  (Continued) 


Figure  Title  Page 

29  Circuit  Configuration!  for  Vacuum  Tubet  and  Tramltton .  64 

30  Schematic  Representation  of  Passive  Circuit  Components  .......  66 

31  Push-Pull  Amplifier  Driven  by  a  Phase-Splitting  Stage  . 69 

32  Parallel  Output  Stage . 70 

33  Differential  Amplifier  . . 73 

34  Interstage  Coupling . 73 

35  Chopper  Amplifier  . 74 

36  Carrier  Amplifier . 76 

37  Bridge  Configurations  . 76 

38  lonixatlon  Tube  Signal  Modifier  . .  77 

39  Attenuators  . :. .  79 

40  Amplitude  and  Frequency  Modulation  Waveforms  .  . . 80 

41  Pulse  Modulation  Waveforms  . . . 81 

42  Demodulator  Circuits  . . 82 

43  Differentiator  Circuits  . . 83 

44  Differentiated  Waveforms  . . 83 

45  Respiration  Rate  System  Block  Diagram  . . 84 

46  Integrated  Waveforms  . 84 

47  Integrator  Circuits . 85 

48  Respiration  Rate  Indicator  Circuit  . . 85 

49  Filter  Networks .  86 

50  Resistance-Capacitance  Oscillator . . . .  .  86 

51  Limiter  Stage,  Frequency  Modulation  System  .  . .  87 

52  Diode  Limiters . 88 

53  Relaxation  Oscillators . 88 

54  Basic  Galvanometer  Movement . 91 

55  Typical  Galvanometer  Panel  Meters  . .  93 

56  Basic  Components  of  a  Digital  Voltmeter  . . 94 

57  A  Simple  Voltage  Comparator  Circuit  . .  95 

58  Two  Types  of  Digital  Display  Devices .  95 

59  Effect  of  Damping  Upon  Recorded  Signals . 99 

60  Curvilinear  and  Rectilinear  Records  of  the  Sanre  Inputs .  102 

61  Rectilinear  Recording  With  a  Heated-Stylus  Galvanometer .  103 

62  Low-Frequency  Galvanometric  Recorder  .  104 

63  Intermediate  Frequency  Galvanometric  Recorder .  106 

64  Typical  Special-Purpose  Physiological  Recorders .  107 

65  Optical  Recording  System  for  a  Six -Channel  Recorder .  108 

66  Optical  System  for  Galvanometric  X-Y  Recording .  109 

67  Basic  Porentiometrlc  Recorder  Circuit  . . 110 

68  Construction  of  a  Cathode  Ray  Tube . 112 

69  Basic  Block  Diagram  of  Cathode  Ray  Oscilloscope  . .  113 

70  Components  for  Magnetic  Tape  Recording .  120 

xll 


LIST  OF  ILLUSTRATIONS  (Continued) 


Figure  Title  Page 

71  Magnetic  Recording  Head  Arrangement .  121 

72  Residual  Magnetism  (MR)  Produced  by  Flux  (j4) .  122 

73  Typical  Four-Channel  Recorder . 123 

74  Direct  Recording  Electronics  . 124 

75  Pulse  Trains  for  Typical  Binary  Value  (01 100101)  . . 126 

76  Seven-Channel  Magnetic  Head  (Single  Stack) .  128 

77  Seven-Channel  Magnetic  Head  (Two  Stacks,  Interleaved)  .......  129 

78  Basic  Tape  Transport  Mechanism  . . 130 

79  Counting  Circuit  for  1  -CPS  Marker  Pulses  . . 134 

80  Astable  Timing  Pulse  Generators . . 135 

81  Typical  A-C  to  D-C  Power  Supply . 138 

82  Common  Half-Wave  Rectifier  Circuits . 139 

83  Full-Wave  Rectifiers  . 139 

84  Capacitive  Input  Filters  . . 140 

85  Choke  Input  Filters . . . 141 

86  Shunt  Regulator  Circuits  . . 142 

87  Series  Regulator  Circuit  . . 143 

88  D-C  to  A-C  Inverter . 144 

69  Battery  Discharge  Characteristics  .............  .  .  ........  147 

90  Amplitude  Modulation  Waveforms  . . 151 

91  Frequency  Modulation  Waveforms  ..*.«.. . 153 

92  Baste  Method  of  Sampling  Analog  Data  (PAM) . 153 

93  Pulse  Duration  Modulated  Signal  . 154 

94  Pulse  Position  Modulated  Signal .  154 

95  Pulse  Coding  for  Binary  Digital  Data . 156 

96  Simplified  Scheme  for  Time-Division  Multiplexing .  157 

97  Sampling  and  Quantization  of  Continuous  Signals  .  159 

98  Information  Capacity  of  a  Channel  .  160 

99  Effect  of  Noise  for  Various  Values  of  N  . .  161 

100  Single  Channel  of  a  Direct-Wire  Link  . .  163 

101  Typical  FM/FM  Telemetry  Components  .  166 

102  Simple  Three-Stage  FM  Transmitter  . . 169 

103  Typical  FM/PM  Receiver . 169 

104  Polarization  of  Radiated  Electric  Waves  . .  171 

105  Radiation  Pattern  of  o  Dipole  . .  171 

106  Radiation  Patterns  of  Multi-Element  Antennas . 172 

107  Reflector  and  Horn  Antenna  Configurations . 173 

108  Typical  Amplitude-Modulated  Transmitter . . .  175 

109  Waveforms  Produced  by  Amplitude  Modulation  .  176 

110  Detection  of  an  Amplitude -Modulated  Carrier . 178 

111  Principal  Types  of  Frequency  Modulation  . . 180 

112  Five-Channel  Telemetry  Employing  FM/FM  .  182 

113  Frequency  and  Energy  Distribution  for  Various  Values  of 

Modulation  Index  of  an  FM  Wave  . . . .  .  184 


xii) 


LIST  OF  ILLUSTRATIONS  (Continued) 

Figure  Title  Page 

114  FM  Demodulation,  Including  a  Simplified  Discriminator  Circuit.  .  .  186 

115  Typical  Scheme  for  Commutated  PAM  .  . . 188 

1 16  PDM  System  . 189 

117  PDM  Transmitter  for  Personal  Telemetry . 194 

118  80-Column  Punched  Card  . . 203 

119  Block  Diagram  of  Digital  Computer  Organization  .  207 

120  Magnetic  Tape  Station  . . 209 

121  Feedback  Method  of  Analog-to-Digital  Conversion  .  212 

122  Doubling  Method  of  Analog-to-Digital  Conversion . 213 

123  Code  Wheel  for  Mechanical  AnqIog-to-DIgItal  Conversion  ......  214 

1214  Wire  Matrix  for  High  Speed  Printer  . 217 

125  Magnetic  Core  Memory  Operation  . .  220 

126  Magnetic  Core  Memory  Switching  Circuit .  221 

127  Computer  Instruction  Address  Formats . . 225 

128  Sample  Program  for  a  Hypothetical  Computer  . .  227 

129  Sample  FORTRAN  Program  . . 229 

130  Basie  Analog  Computing  Circuits  . . . . 231 

131  Operational  Amplifier  Connections  for  Analog  Computer  Operations  232 

132  Feedback  Method  of  Digital -to -Analog  Conversion  . .  234 

133  Digital -to-Analog  Converters  . . 235 

134  Servo  Multiplier . 236 

135  Log-Antllog  Multiplier  . 237 

136  Diode  Function  Generator  Operation  .  238 

137  Diode  Function  Generator  Circuit  . . 239 

138  Parabolic  Diode  Function  Generator . 239 

139  Tapped  Potontlometer  Function  Generator . . .  240 

140  Analog  Computer  Detachable  Patchboard  . .  241 

141  Solution  of  a  Sample  Problem  on  an  Analog  Computer .  244 


LIST  OF  TABLES 

Table  Title  Page 

I  Biosensor  Summary  . .  2 

II  Electrochemical  Series . 5 

III  Temperature  Coefficients  of  Various  Materials .  30 

IV  Thermocouple  Sensitivity  ot  Various  Materials  (pVolts/°C) .  34 

V  Output  Current  of  Typical  Selenium  Photocells . 41 


LIST  OF  TABLES  (Continued) 

Title 

Charactertitlei  of  Typical  Vacuum  Phototubes . 

Common  Oscilloscope  Controls  and  Their  Functions  . .  .  .  . 
Typical  Instrumentation  Recorder  Performance  Specifications 

Discharge  Characteristics . 

FM/FM  Subcarrier  Frequencies  . . . . 

Digital  Representation  of  Numbers  .  . .  . . . . . . . 


SPecfam  I 


SENSING  DEVICES 


GENERAL 

The  electrodes  and  transducer!  discussed  In  this  section  are  the  most  Important  links 
In  the  chain  of  components  required  far  a  physiological  monitoring  system.  No  matter 
how  excellent  are  the  other  components  tn  the  system,  the  reliability  of  the  data  dis¬ 
played  or  recorded  Is  most  critical ly  dependent  upon  the  quality  of  the  signal  origin¬ 
ated  by  the  sensing  device.  If  the  Initial  signal  Is  faulty,  It  may  be  extremely  difficult 
or  Impossible  to  remedy  conditions  by  succeeding  signal  processing  or  modification. 

Most  physiological  responses  involve  minute  phenomena,  small  or  delicate  move¬ 
ments,  low  voltages,  etc.  The  amount  of  power  or  energy  Involved  Is  very  small .  The 
problem  Is  to  measure  or  display  these  phenomena  without  the  act  of  measurement  af¬ 
fecting  and  distorting  the  phenomena.  Variations  In  body  potentials  and  body  Imped¬ 
ances  especially  are  minute  quantities,  necessitating  extremely  sensitive  electrode 
systems  and  good  contact  between  the  electrodes  and  the  sub|eet.  Physical  displace¬ 
ment  excursions  are  likewise  difficult  to  detect  without  the  sensing  device  physically 
Interfering  with  the  response  to  be  measured.  These  restrictions  place  great  demands 
on  the  design  of  the  sensing  device.  At  the  least,  a  transducer  must  be  extremely  sen¬ 
sitive  and  small  In  mass. 

The  weak  signals  Involved  tn  physiological  responses  introduce  another  problemt 
that  of  Interference.  Displacement  transducers  may  respond  to  more  then  one  dynamic 
body  output;  electrodes  may  piok  up  more  than  one  body  potential;  and  movement  of 
the  sub|ect  during  measuremunt  may  produce  spurious  outputs  or  completely  nullify  the 
established  sensor-body  Interface.  Extreme  care  therefore  must  be  exercised  tn  the 
attachment  of  sensing  devices  and  tn  the  Interpretation  of  the  outputs  they  obtain. 

In  the  following  pages,  the  factors  of  design,  packaging,  and  attachment  of  elec¬ 
trodes  and  transducers  are  discussed.  The  basic  principles  by  which  the  various  trans¬ 
ducers  accomplish  an  electrical  conversion  are  explained.  The  various  configurations 
of  electrodes  and  transducers  are  described;  and  their  static,  dynamic,  and  electrical 
characteristics  are  listed.  Finally,  the  specific  applications  of  the  electrodes  and 
transducers  are  discussed  briefly,  with  emphasis  upon  their  use  In  the  environments  en¬ 
countered  In  the  field  of  aerospace  medicine. 

Table  I  Is  a  brief  summary  of  the  physiological  parameters  of  Interest,  showing  the 
type  of  sensing  devices,  employed  tn  their  measurement.  These  devices  are  all  treated 
In  the  following  text.  Several  references  (ref.  21,  24,  34)  are  valuable  as  a  guide  to 
the  full  range  of  transducer  capabilities;  these  books  describe  many  devices  which, 
while  not  at  present  in  standard  usage,  have  potential  as  biosensors. 
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Measured  Parameter 


TABLE  I .  BIOSENSOR  SUMMARY 


Measurement 


Heart  potentials, 

Electrocardiogram 

Brain  potentials, 

Electroencephalogram 

Muscle  potentials, 

Electromyogram 

Skin  resistance. 

Oalvanic  skin  response 

Heart  sounds. 

Phonoeardlogram 

Blood  (low. 

Plethysmogram 

Blood  pressure, 

Blood  pressure 

Pulse  rate. 

Pulse  rate 

Respiration  rata. 

Pneumotachogram 

Volume  of  respired  atr. 

Respiration  depth 

Percent  oxygen  In  blood. 

Oxygen  content 

Percent  oxygen  In  re¬ 
spired  air. 

Percent  oxygen 

Temperature. 

Temperature 

Sensor  Used 


Electrocardiograph 

Electrodes 

Electroencephalograph 

Electrodes 

Elsctromyograph 

Electrodes 

Q6R  Recorder 

Electrodes 

Phonocardlograph 

Microphone 

1.  Plethyamograph 

1,  Strain  gage 
Differential 
transformer 

2.  Impedance  plethya¬ 
mograph 

3.  Electrodes 

1.  Sphygmomanometer 

1.  Strain  gage 
Microphone 

3.  Manometer 

2.  Strain  gage 
Differential 
transformer 

Cardiotaohograph 

Microphone 

Strain  gage 

Eleetrodee 

1.  Pneumotachograph 

1.  Strain  gage 
Thermocouple 
Thermletor 

Ionisation  tube 
Mlcroewltch 

8.  Impedance  pneumo¬ 
graph 

8.  Electrodes 

Spirometer 

Multiplier  photocell 

Oximeter 

Photocell 

Polarographlc  electrode 

-- 

Electrochemical  trans¬ 
ducer 

Thermometer 

Thermocouples 

Thermistor 

Resistance  thormom- 
eter 

to , .  i-P* v. 
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ELECTRODES 

Electrodes  art  (Imply  conductor*  that  servo  ai  electrical  pathi  for  current*  and  po¬ 
tentials  between  part*  of  an  electrical  circuit.  As  used  In  physiological  monitoring, 
electrodes  have  two  distinct  applications)  one  of  these  Is  to  connect  electrical  poten¬ 
tials  generated  In  the  body  to  external  measuring  Instruments;  the  other  Is  to  Impress 
externally  generated  currents  across  portions  of  the  body  for  the  measurement  of 
changes  In  body  Impedances. 

Body  potentials  and  Impedances  can  be  measured  both  at  and  beneath  the  surface 
of  the  body.  Most  of  this  discussion  Is  concerned  with  surface  electrodes,  because  sub¬ 
cutaneous  and  surgically  Implanted  electrodes  have  limited  application  In  aerospace 
environment*.  The  following  paragraphs  discuss  the  various  types  and  configurations  of 
surface  electrodes,  the  electrode  materials  and  electrical  characteristics,  and  body 
attachment  factors.  (Additional  material  of  value  on  electrodes  Is  contained  In  ref. 
49.) 


I,  General  Electrode  Characteristics 
A.  Sources  of  Body  Potentials 

Essentially,  there  are  two  types  of  electrical  phenomena  measured  at  the  sur¬ 
face  of  the  bodyi  deep  seated  and  surface.  Signals  of  both  origins  are  minute,  with 
potentials  ranging  from  a  few  millivolts  for  cardiac  potentials  to  about  20  microvolts 
for  brain  waves,  Significant  Impedance  changes  that  can  be  measured  at  the  surface, 
with  the  exception  of  baseline  skin  response  measurements,  generally  are  below  one 
percent. 


Sources  of  deep  body  potentials  include  the  heart  muscle  potentials,  the 
measurement  of  which  Is  called  electrocardiography  (ECG),  and  potentials  from  the 
brain  or  central  nervous  system,  the  measurement  of  which  Is  called  electroencephal¬ 
ography  (EEG).  Action  potentials  from  skeletal  muscle  also  may  emanate  from  deep 
tissue:  their  measurement  Is  called  electromyography  (EMG).  As  measured  In  most 
aerospace  applications,  they  are  near-surface  phenomena, 

The  other  surface  electrical  phenomena  measured  are  various  forms  of  body 
impedance.  These  Include  the  galvanic  skin  response  (GSR),  a  near-surface  phenome¬ 
non  In  which  changes  In  skin  layer  Impedance  are  measured  as  a  function  of  behavioral 
condition.  Also  Included  are  changes  in  body  Impedance  as  a  function  of  respiration 
(the  Impedance  pneumograph)  and  regional  blood  flow  (the  Impedanco  plethysmograph), 

B.  Electrode  Materials 

Several  factors  must  be  constc  sred  when  selecting  electrodes,  The  electrode 
must  be  a  good  conductor  to  permit  good  current  transfer  between  the  subject  and 
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instrumentation,  and,  to  minimize  electrochemical  artifact*,  It  should  be  Inert  to 
chemical  reactions.  Further,  electrodes  should  be  able  to  withstand  the  environmental 
aondltlons  c5  the  measurement  and  still  give  unhindered  or  relatively  stable  operation. 

Depending  upon  the  application,  there  are  various  configurations  of  metal 
electrodess  plates  or  discs,  needles,  and  meshes.  Other  configurations,  less  often 
used,  are  glass  tubes  filled  with  electrolyte,  and  sponge  materials  Impregnated  with 
electrolyte.  The  glass  electrodes  are  basically  btologleal  research  tools,  where  the 
electrical  activity  being  studied  Is  molecular  or  cellular  In  nature.  The  sponges  are 
frequently  employed  In  the  measurement  of  galvanic  skin  response. 

Metal  electrodes  are  used  either  dry,  applied  directly  to  the  body,  or  wet, 
where  the  electrical  contact  with  the  body  ts  reinforced  by  the  application  of  an  elec¬ 
trolytic  paite  or  jelly.  In  such  usage,  the  combination  of  paste  and  metal  contact  Is 
considered  the  electrode. 

The  significant  character Istlcs  of  electrode  materials  are  discussed  below. 

1 .  Conductivity 

A  good  conductor  Is  a  material  that  offers  little  resistance  to  the  flow  of 
an  electric  current.  The  electric  current  may  be  the  movement  of  electrons,  as  It  Is  In 
metals,  or  It  may  be  the  migration  of  Ionized  atoms  or  molecules,  which  takes  place  in 
gases  and  liquids.  In  either  Case,  the  conductivity  of  the  material  Is  determined  by  the 
quantltyof  electricity  transferred  across  a  given  area  of  the  material  per  unit  of  poten¬ 
tial  gradient  per  unit  of  time. 

The  voltage  potential  (and  consequently  the  signal  current)  obtained  from 
btologleal  tissue  is  relatively  low  (usually  about  a  few  millivolts);  therefore,  the  elec¬ 
trode  must  offer  a  minimum  of  resistance  to  current  flow  In  order  to  minimize  signal 
attenuation  between  the  source  and  the  monitoring  Instrumentation. 

2.  Inertness 

Inertness,  or  the  relative  Inactivity  of  a  material  In  chemical  reaction. 
Isa  desirable  characteristic  for  electrodes.  If  not  relatively  Inert,  the  formation  of 
Ions  by  the  electrode  material,  and  the  combining  of  these  Ions  with  enzymes,  produces 
poisons  which  can  Irritate  the  skin  of  the  sub]eet. 

Ions  are  formed  when  electrodes  dissolve  In  acid  body  fluids,  such  as 
sweat,  and  the  electrode  molecules  replace  (give  up  electrons  to)  the  hydrogen  ions 
present  in  the  fluids.*  The  degree  to  which  electrode  materials  are  sub|ect  to  chem- 


*The  dissolution  of  electrode  materials  In  fluid  is  Itself  objectionable,  since  It  can  In 
time  reduce  effective  skin-electrode  contact  through  a  decrease  in  the  amount  of 
electrode  material . 
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leal  reaction  varies.  Table  il  Hits  the  major  metali  used  as  electrodes  in  their  order  of 
chemical  activity.  The  more  active  metals,  such  as  zinc  and  nickel,  readily  replace 
hydrogen;  those  less  active  than  hydrogen,  such  as  silver  and  gold,  do  not.  The  hy¬ 
drogen  Ions  themselves  partake  only  minimally  In  objectionable  chemical  reaction. 


TABLE  II.  ELECTROCHEMICAL  SERIES 


Magnesium 

Lead 

Aluminum 

Copper 

Zinc 

Mercury 

Iron 

Silver 

Nickel 

Platinum 

Tin 

Gold 

3.  Polarization 

When  a  current  Is  passed  through  a  metallic  electrode  Immersed  In  a 
solution  or  Inserted  Into  biological  tissue,  a  phenomenon  known  as  polarization  occurs. 
Regardless  of  how  inert  a  metallic  conductor  may  be,  It  still  participates  in  a  certain 
amount  of  chemical  and  physical  reactions.  The  fact  that  all  metals  are  soluble  (how¬ 
ever  slightly)  and  form  Ions  results  In  a  d-c  boundary  or  polarization  potential  between 
the  electrode  and  the  fluid  establishing  contact  with  the  electrode.  This  polarization 
potential  Introduces  artifacts  into  the  physiological  measurements  and  thus  tends  to 
mask  the  Information  being  monitored. 

Although  there  Is  no  truly  nonpolarizable  electrode,  the  general  practice 
of  using  electrode  materials  that  are  as  Insoluble  and  nonreactlve  as  possible  reduaes 
the  tendency  to  form  ions  and  thus  minimizes  polarization.  As  a  result,  the  noble 
metals  (silver,  platinum,  and  gold)  are  often  used  for  electrodes.  Chemically  active 
metals  like  zinc  and  ntckel  tend  to  Introduce  a  large  polarization  potential  and,  con¬ 
sequently,  excessive  errors  in  physiological  measurements. 

When  measurements  are  to  be  mado  for  extended  periods,  the  metal  elec¬ 
trodes  used  should  be  composed  of  special  alloys  that  retard  electrolysis  and  minimize 
the  effects  of  polarization.  A  sliver  electrode  with  a  thin  coating  of  silver  chloride 
deposited  upon  Its  surface  hn?  been  used  successfully,  as  well  as  combinations  of  plati¬ 
num  and  platinum  chloride  and  zinc  and  zinc  sulphate.  Note,  however,  that  (unctions 
of  dissimilar  metals  should  be  avoided  where  skin  contact  Is  made.  Even  a  soldered 
joint  may  be  troublesome. 

4.  Impedance 

A  typical  resistive  component  of  Impedance,  as  measured  between  the 
leads  of  a  pair  of  one-square-ineh  metal  electrodes  attached  to  the  skin,  is  about  5000 
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to  100,000  ohms.  Careful  skin  preparation  and  the  use  of  electrolytic  paste  or  jelly 
can  reduce  this  figure  to  below  1500  ohms,  at  least  for  measurements  of  no  more  than  a 
few  hours  duration. 

II.  Electrodes  for  the  Measurement  of  Deep  Body  Responses 

The  measurement  of  deep  body  tissue  responses,  suah  as  the  ECG  and  EEG,  is  pos¬ 
sible  with  most  of  the  known  configurations  of  surface  electrodes,  Criteria  for  select¬ 
ing  electrodes  for  a  particular  application  Include  the  fidelity  of  signal  desired,  the 
length  of  time  of  the  measurement,  and  the  degree  of  sub|eet  movement  that  can  be 
tolerated.  All  of  these  factors  relate  to  how  large  an  electrode  must  be  employed,  and 
how  much  care  should  be  taken  In  preparing  the  skin  and  attaching  the  electrode. 

A.  Metal  Plates 

The  most  rudimentary  form  of  surface  electrode  Is  a  thin  metal  plate  or  disc, 
to  which  lead  wires  are  attached  with  solder.  This  eleetrode  Is  durable  and  easily 
attached  with  tape,  straps,  or  adhesives.  With  a  large  area  of  metal  In  contact  with 
the  skin  (optimum  Is  under  2  square  Inches),  the  Impedance  of  the  attachment  Is  low 
enough  for  adequate  electrical  contact,  even  when  the  skln-metal  contact  ts  dry. 
However,  the  large  area  of  the  electrode  (and  Its  high  mass)  makes  It  subjeot  to  move¬ 
ment  artifacts,  such  as  the  spikes  of  myographle  potential  that  accompany  movement. 
Where  subject  movement  is  required  or  permitted  during  measurement,  metal  plates 
are  best  kept  small  and  employed  In  a  floating  configuration  (floating  electrode),  In 
which  they  are  restrained  In  a  suitable  adhesive  holder,  but  prevented  from  directly 
contacting  the  surface  of  the  subject  by  a  cushion  of  electrode  paste  or  jelly. 

Figure  1  shows  typical  metal  plate  electrodes.  Electrodes  of  this  type  have 
been  fabricated  of  sliver,  platinum,  and  even  stainless  steel . 

B.  Meshes 

Small  meshes  of  wire,  either  circular  or  square,  also  are  used  as  metal  elec- 
trodes.  The  mesh  configuration  provides  for  good  contact  between  the  electrode  and 
electrode  jelly.  Metal  meshes  vary  in  area  from  one-fourth  square  Inch  to  an  Inch  or 
more.  The  smaller  sizes  usually  yield  better  results  with  regard  to  movement  artifacts. 

Two  electrodes  of  this  type  that  are  available  commercially  are  shown  In 
figure  2.  One  electrode  has  a  small,  square  wire  grid,  fastened  to  an  adhesive  tape 
backing,  with  a  snap-on  electrical  connector  on  the  back.  The  grid  is  coated  with  a 
suitable  electrode  jelly  before  being  taped  to  the  skin.  This  eleetrode  will  pick  up 
movement  artifaots,  but,  where  this  Is  not  a  consideration,  It  offers  the  advantage  of 
quick  attachment  and  easy  electrical  connection,  and,  being  relatively  Inexpensive,' 
It  Is  disposable  after  use. 
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Circular  meshes  or  grid*  alio  art  avallablt  In  fltxiblt  housings,  such  at  tht 
molded  asitmbly  shown  In  figure  2. 

C.  Mttal  Cup* 

A  third  form  of  motal  turfaet  oltotrodt  t*  tht  oup.  Thtit  small,  hollow  elec¬ 
trodes  utual ly  art  fabricated  of  silver.  One  type  uitd  In  hospital*  or  clinics  for  ECG 
and  fetql  ECG  measurement*  Is  tht  Welsh  vacuum  cup.  It  Is  placed  against  tht  skin, 
and  a  rubber  bulb  Is  used  to  txptl  the  air  from  within  the  cup.  This  draws  the  skin  up 
Into  the  oup,  and  holds  tht  cup  firmly  against  the  skin.  Tht  electrical  connection  Is 
good,  but  the  vacuum  Is  short-lived,  making  this  type  of  attachment  unsuitable  for 
long-term  measurements. 

Other  cup  electrodes  are  used  In  aerospace  environments  with  success,  prin¬ 
cipally  for  EEG  measurements.  This  type  of  electrode  Is  attached  to  the  skin  with 
adhesive  (cement,  collodion,  etc),  and  the  hollow  portion  Is  filled  with  electrode  |elly 
(see  figure  3).  A  good  liquid  contact  Is  achieved,  and  It  can  be  maintained  for  ex¬ 
tended,  measurements  of  up  to  24  hours,  because  the  electrolyte  Is  under  a  near- 
hermetic  seal .  With  careful  preparation  of  the  skin,  electrode  lead  Impedances  under 
2000  ohms  can  be  attained.* 

D .  Needles 

Small  steel  needles,  placed  |ust  beneath  the  skin,  make  excellent  electrodes 
for  ECG  or  EEG.  They  have  much  higher  Impedanoes  than  electrodes  attached  on  the 
surface,  but  they  are  much  leu  affected  by  movement  artifacts.  Needle  electrodes  are 
little  used,  however,  because  of  subject  discomfort  and  Irritation  to  the  tluue  during 
prolonged  measurements, 

E.  Metallic  Cloth 

Metallic  doth  electrodes,  either  In  thin  patches  or  thick  pads,  are  composed 
of  cloth  woven  of  fibers  coated  with  a  thin  film  of  metal;  nylon-stiver  Is  a  aommon 
type.  These  eloctrodes  are  useful  for  long-term  measurements.  They  are  flexible,  pro¬ 
viding  large-area  contact  and  easy  conformance  to  body  contours,  and  are  well  suited 
for  attachment  through  biosensor  harnesses.  Cloth  electrodes  generally  are  applied 
without  electrode  paste,  resulting  In  a  hlgh-impedance  contact.  If  used  for  ECG 
measurements,  then,  such  electrodes  would  require  the  use  of  preamplifiers  with  high 
Input  Impedances. 


*From  a  series  of  In-flight  electroencephalographtc  measurements  conducted  at  Wrlght- 
Patterson  Air  Force  Base  under  the  direction  of  Dr.  C.  W.  Sem-Jacobsen. 


Figure  3.  Uie  of  Collodion  With  Small  Cup  Electrode 

III .  Electrodes  for  the  Measurement  of  Surface  Responses 

Measurement  of  surface  electrical  phenomena/  with  the  exceptions  described  be- 
low,  are  possible  with  various  configurations  of  the  electrodes  used  to  measure  deep 
body  tissue  responses;  however/  differences  In  Impedance/  bandpass  frequency,  etc, 
must  be  compensated  for  In  external  circuits.  In  one  application  both  ECG  and  Imped¬ 
ance  pneumograph  measurements  can  be  made  simultaneously,  using  the  same  elec¬ 
trodes,  Electrode  configurations  particular  to  the  measurement  of  surface  phenomena 
are  described  below. 

A.  Metallic  Cloth  Pads 

High-Impedance  electrodes  fabricated  of  metallic  cloth  (nylon-sliver)  are 
suitable  for  measuring  galvanic  skin  response.  The  cloth  Is  folded  over,  filled  with 
padding,  and  stitched  Into  a  soft  pad,  about  1  x  2  Inches  In  size,  as  shown  In  figure  4. 
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Figure  4.  A  GSR  Electrode  of  Metallic  Cloth 


The  lead  wire*  may  be  used  for  the  stitching*  The  electrode  li  attached  dry  to  the 
body  (the  palm  of  the  hand  or  sole  of  the  foot)  with  adhesive  tape  or  straps* 

B.  Soft  Metal  Plates 

Plates  of  soft  metal,  such  at  lead,  sometimes  are  used  as  electrodes  for  the 
GSR  measurement.  They  are  plaaed  against  the  body  dry  and  held  In  place  with  tape 
or  straps.  Soft  padding  Is  used  between  the  tape  and  the  electrode  to  ensure  compli¬ 
ance  with  the  body  by  distributing  the  pressure  from  the  tape  more  effectively, 

C.  Electrolyte-Filled  Sponge 

GSR  measurements  also  are  made  using  soft  sponges,  the  cells  of  which  have 
been  Impregnated  with  an  electrolytic  solution.  This  type  of  electrode  makes  excellent 
electrical  contact  with  the  skin,  but  is  not  suitable  for  measurements  in  an  aerospace 
environment.  The  application  Is  messy,  and  It  Is  difficult  to  cover  the  electrode  ade¬ 
quately  so  that  the  electrolyte  does  not  evaporate.  When  the  electrolyte  does  evapo¬ 
rate,  the  electrical  signal  degrades  sharply. 

D.  Ring  Electrodes 

Electrodes  In  a  ring  configuration  are  attached  to  the  finger  for  blood  flow 
measurements  called  Impedance  plethysmography.  The  electrodes  are  placed  over  the 
ftngers  dry,  and  are  held  In  place  by  skin  friction.  The  better  conductors,  such  as 
gold-plated  electrodes  or  electrodes  of  silver  or  monel,  should  be  employed  but  success 
has  been  reported  In  this  measurement  using  almost  any  available  metal  (ref.  33). 
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IV.  Attachment  Factors 

Several  factors/  Including  physical  placement/  skin  preparation,  and  electrode 
adhesion/  must  be  considered  when  bioelectric  potentials  are  measured  on  the  surface 
of  the  skin.  The  location  of  the  electrodes  on  the  sublet's  body  depends  on  such  con¬ 
siderations  as  proximity  to  the  signal  source,  remoteness  to  contaminating  noise,  and 
the  requirements  of  not  producing  Irritation  or  limiting  normal  body  movements.  The 
problem  of  maintaining  a  constant  skin  resistance  for  extended  periods  of  time  must  be 
coped  with  when  preparing  the  skin  for  electrode  attachment,  and,  when  physically 
attaching  the  electrode  to  the  body,  care  must  La  taken  not  to  change  the  sublet's 
blood  circulation  or  produce  subject  discomfort.  The  electrode  must  be  attached  In 
such  a  manner  as  to  maintain  a  constant  pressure  on  the  skin  surface. 

A.  Electrode  Placement 

The  problem  of  electrode  placement  naturally  revolves  around  the  type  of  In¬ 
formation  (electrocardiogram,  electroencephalogram,  galvanic  skin  response,  etc) 
sought.  Supplementing  this  controlling  factor  are  three  prime  considerations:  (1)  the 
Interpretablllty  of  the  Information  obtainable  front  the  various  possible  body  sites, 
(2)  the  signal  -to -Interference  ratio  obtainable  from  these  sites,  and  (3)  the  physical 
restrictions  imposed  by  the  placement  of  the  electrodes. 

Electrodes  placed  on  the  extremities  produce  a  fairly  large  signal  for  some 
applications;  nowever,  the  interference  level  resulting  from  most  of  the  standard  body 
movements  often  presents  an  acute  problem.  The  amount  of  muscle  mass  underlying 
different  body  surface  areas  Is  another  Important  factor  to  consider,  since  muscle  po¬ 
tential  produces  Interference  and  artifacts. 

B.  Skin  Preparation 

Since  a  constant  skin  resistance  should  be  maintained  when  obtaining  physio¬ 
logical  measurements,  the  variables  Introduced  by  the  characteristics  of  the  subject's 
skin  must  be  minimized  by  properly  preparing  the  skin  before  attaching  the  electrodes. 
Most  Important  In  skin  preparation  Is  that  the  skin  be  cleansed  thoroughly.  Since  ordi¬ 
nary  washing  removes  only  the  more  water-soluble  materials,  a  fat  solvent  (ether, 
alcohol,  acetone,  etc)  may  be  necessary  to  remove  the  salt  solution  and  the  otly  layer 
produced  by  the  sweat  glands  and  the  sebaceous  glands,  respectively.  Mild  detergents 
also  are  recommended  because  of  their  ability  to  penetrate  the  skin  and  romovethe  oily 
matter;  however,  these  compounds  leave  the  skin  wet.  If  the  area  Is  dense  with  hair, 
shaving  may  be  necessary  prior  to  cleansing. 

A  slight  abrasion  of  the  skin  also  may  be  useful.  In  short-term  work,  to  remove 
the  cellular  debris  and  dried  salt  present  on  the  surface  of  the  skin.  This  abrasion 
should  not  be  deep,  but  merely  to  the  point  of  causing  a  slight  reddening  because  of 
the  increased  blood  flow  to  that  surface.  If  abrasion  of  the  skin  is  not  desirable  (as  In 
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GSR  miaturtintnlt),  a  conducting  jelly  may  be  rubbed  Into  the  skin  to  permit  direct 
electrical  contact  with  the  low  resistance  component  of  the  tnner  layer  of  (kin. 

C.  Adheilvei 

The  material!  uied  for  attaching  electrode!  to  the  skin  are  of  prime  impor¬ 
tance.  Even  an  Ideal  electrode  placed  on  properly  prepared  (kin  obtain!  a  dgnal  con¬ 
taminated  with  artifact!  if  the  attachment  ti  unsatisfactory.  A  properly  attached  elec¬ 
trode  must  (1)  maintain  a  comtant  preuure  on  the  (kin  surface,  (2)  not  inhibit  movement 
or  limit  blood  flow/  and  (3)  not  make  the  subject  unpleaiantly  aware  of  the  electrode!, 
theie  three  requirement!  should  be  met  during  the  entire  time  that  measurements  are 
being  taken. 

Ordinary  adhesive  tape  li  a  limple  attachment  material  that  can  be  u ted 
tatiifaetorily  with  moit  electrode!  having  flat  surface!.  The  two  primary  advantage!  of 
using  tape  rather  than  iome  other  form  of  adhesive  material  are  its  simplicity  and 
economy.  One  of  the  main  disadvantage!  Is  that  tape  may  fall  to  maintain  contact 
pressure  tf  the  skin  Is  moist  with  saline  solutions.  Also,  large  pieces  of  tape  often  are 
required,  and  thus  may  inhibit  motion  or  overlap  into  other  moving  areas.  Adhesive 
tape  adheres  best  If  the  area  to  be  taped  is  coated  with  tincture  of  benzoin  or  with 
rubber  cement. 

Many  commercial  cements  and  pastes  are  available  for  attaching  electrodes 
to  the  skin.  Adhesives  used  for  this  purpose  should  be  quick  drying  and  must  adhere 
reasonably  well  to  the  skin.  Adhesive  cements  and  pastes  prevent  salt  bridges  (lowered 
resistance  pathways)  between  electrodes.  In  addition,  it  Is  possible  to  achieve  sealed 
connections  that  result  in  the  enclosed  area  remaining  moist  and  the  skin  resistance  re¬ 
maining  constant. 

Certain  precautions  are  necessary  when  an  adhesive  cement  or  paste  for  elec¬ 
trode  attachment  Is  selected.  Some  plastic-type  adhesive  cements,  for  example,  be¬ 
come  rigid  and  brittle  when  dry  and  crack  easily.  Other  adhesives  may  contain  volatile 
solvents,  which  may  be  irritating  to  the  point  of  discomfort  or  have  noxious  odors. 

D.  Mechanical  Devices 

Special  devices  are  sometimes  necessary  for  electrode  attachment  to  comply 
with  anatomical  contours  and  limitations.  For  short  term  applications,  plastic  or  rubber 
belts  often  are  used,  since  they  are  applied  easily  and  are  capable  of  maintaining  a 
constant  pressure.  These  and  other  devices,  including  slings,  gloves,  and  sleeves,  may 
be  used  alone  or  with  electrode  adhesives;  however,  mechanical  devices  should  be  used 
with  discretion  in  long-term  measurements,  since  they  tend  to  create  subject  discomfort. 
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E .  Floating  Attachments 

An  electrode  configuration  that  has  been  uted  with  much  success  In  aerospace 
applications  Is  the  so-called  floating  electrode.  Developed  over  the  last  few  /ears, 
primarily  for  airborne  ECG  recording,  this  electrode  consists  of  a  sandwich  of  layers  of 
cork,  within  which  a  metal  disc  or  mesh  is  floated  in  a  restrained  volume  of  electrode 
paste  or  |elly.  this  type  of  electrode,  which  produces  measurements  remarkably  free 
of  movement  artifacts,  can  be  made  small  In  size  and  light  In  weight,  and  it  is  some¬ 
what  flexible,  so  that  sub|ect  discomfort  Is  minimized. 


ELECTRODE  COVER  PATCH 
TOP  DISC 

SILVER  /  SILVER  CHLORIDE  PELLET 
SLOTTED  RETAINING  RIND 


LOWER  DISC 


Figure  5.  Configuration  of  a  Floating  Electrode 

Figure  5  shows  a  floating  electrode  developed  at  the  Naval  Missile  Center, 
Point  Mugu,  California  (ref.  25).  This  electrode  uses  three  discs  of  cork  tape  (lower 
disc,  slotted  retaining  ring,  and  top  disc)  to  restrain  the  metal  disc,  which  is  fabricated 
of  equal  parts  of  silver  and  silver  chloride,  compressed  Into  a  pellet  at  20,000  pounds 
per  square  inch  pressure.  This  type  of  electrode  can  be  attached  in  about  5  minutes  as 
followst 

The  skin  Is  first  cleaned  and  then  abraded  with  the  electrode  felly,  after 
which  it  Is  treated  with  tincture  of  benzoin  (except  for  the  area  under  the  center  hole). 
The  lower  disc,  with  slotted  ring  attached,  then  Is  pressed  In  place.  The  skin  within 
the  center  hole  Is  given  a  thin  coating  of  electrode  jelly,  and  the  hole  Is  filled  with  a 
jelly-impregnated  sponge  cylinder.  The  underside  of  the  metal  pellet  Is  coated  with 
jelly  and  placed  tn  the  center  hole,  with  the  lead  wire  seated  In  the  slot.  The  top 
disc  Is  pressed  Into  place,  and  finally  the  cover  patch  is  applied  over  the  whole 
electrode. 

This  electrode  provides  an  Impedance  of  between  500  and  2000  ohms,  well 
below  the  norm  for  ECG  electrodes.  It  was  tested  up  to  24  hours,  and  there  was 
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neither  significant  degradation  In  performance  nor  significant  Irritation  to  the  skin  of 
the  sub|ect. 

Electrodes  of  this  type  are  fabricated  readily,  or  they  may  be  obtained  com- 
merclally.  Conformance  to  the  performance  figures  cited  above  will  depend  largely 
upon  the  size  of  the  components,  the  care  with  which  the  skin  Is  prepared,  and  the  type 
of  electrode  jelly  employed.  (The  floating  configuration  affords  a  near-hermetic  seal, 
minimizing  evaporation  of  electrolyte,  but  this  will  vary  with  the  type  of  volatile  ma¬ 
terials  employed  In  making  the  jelly  or  paste.) 

F.  Surgically  Implanted  Electrodes 

To  obtain  physiological  potentials  from  deeply  rooted  structures  (brain  tissue, 
muscular  tissue,  etc)  surgleally  Implanted  electrodes  are  used  Instead  of  the  ordinary 
surfaoe  electrode.  Implanted  electrodes  afford  better  localization  and  access  to  the 
deeper-lying  structures,  they  encounter  less  resistance,  and  the  signal  they  obtain  ts 
not  contaminated  by  the  galvanic  skin  response  dr  other  d-c  or  low-frequency  waves 
from  the  adjacent  body  areas.  Surgically  Implanted  electrodes  also  are  referred  to  as 
subcutaneous,  penetrating,  needle,  subdural,  Intramuscular, and  subcortical  electrodes. 

1 .  Requirements 

Surgically  Implanted  electrodes  must  meet  the  following  requirements  If 
they  are  to  provide  optimum  resultsi  (1)  they  must  be  rigid  enough  to  provide  mechan¬ 
ical  penetration,  (2)  they  must  be  shaped  In  a  manner  that  facilitates  Insertion  with  a 
minimum  amount  of  damage  to  body  tissue,  and  (3)  they  should  be  well  Insulated  to 
limit  the  area  being  monitored  to  that  which  Is  tn  direct  contact  with  the  uninsulated 
tip. 

2.  Basic  Configurations 

Enlarged,  long-axis  cross-sectional  views  of  some  of  the  basic  Implanted 
electrode  configurations  are  shown  In  figure  6.  A  simple  surgical  needle,  usually  made 
of  stainless  steel,  Is  shown  at  the  top.  This  type  of  electrode  normally  Is  short  and 
connected  to  a  conducting  wire.  The  same  basic  needle  with  an  Insulating  material 
covering  all  but  the  tip,  confines  the  area  of  measurement  to  that  which  makes  contact 
with  the  needle  tip,  and  better  localization  Is  provided,  A  standard  hypodermic 
syringe  needle  with  a  conducting  wire  cemented  In  It  for  stability  also  Is  shown.  This 
type  of  configuration  permits  the  needle  shaft  to  be  used  as  a  shielding  device,  pro¬ 
vided  the  cement  which  is  used  Is  a  good  insulator.  However,  sharp  penetrating  edges 
must  be  maintained  on  the  syringe, 

3.  Restrictions  and  Required  Pracauttons 

Implanted  electrodes  present  such  problems  as  subject  discomfort,  trauma 
to  the  tissue,  sterility  requirements,  and  the  possibility  of  penetrating  blood  vessels  and 
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STAINLESS  STEEL  SURGICAL  NEEDLE 


INSULATED  SURGICAL  NEEOLE 


SYRINGE  WITH  CENTER  CONDUCTOR 


INIULATIN9  CKMENT 

Figure  6.  Baste  Implanted  Electrode  Configurations 

nerve  fibers.  As  a  result,  Implanted  electrodes  are  used  mostly  in  test  laboratories. 
Much  care  and  skill  Is  needed  to  cope  successfully  with  the  problems  associated  with 
electrode  Implantation. 

The  surfaces  of  Implanted  electrodes  should  be  highly  polished  before  In¬ 
sertion  to  prevent  unnecessary  tissue  damage.  Any  insulation  material  on  the  electrode 
should  be  nontoxto  and  "nonwettable,"  The  use  of  nonwettable  Insulating  materials 
prevents  the  formation  of  salt  bridges  and  minimizes  galvanic  generation  of  extraneous 
d-c  voltages. 

D IS  PLACEME  NT  TRANSDUCERS 
I .  General 

Electrical  conversion  In  most  mechanical  displacement  transducers  depends  upon 
the  movement  or  displacement  of  a  sensitive  member.  Auxiliary  levers  or  couplings 
transfer  the  movement  from  the  biological  specimen  to  the  sensitive  member.  Other 
phenomena,  such  as  force,  pressure,  and  acceleration,  are  detectable  by  displacement 
transducers,  but  must  first  be  converted  to  a  displacement  by  suitable  mechanical  re¬ 
straining  and  coupling  devices. 

The  mechanical  displacement  transducer  Is  used  to  detect  physiological  responses 
In  the  cardiovascular  and  respiratory  systems,  as  well  as  to  provide  Information  of  on- 
vtronmental  surroundings.  In  cardiovascular  applications,  the  transducer  monitors  blood 
pressure,  blood  pulse  wave  signals,  phonocardlograms,  and  ball Isto-vlbrocardlograms. 
In  respiratory  applications,  It  monitors  respiration  rate  and  respiration  depth  measure¬ 
ments. 
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A.  Blood  Pressure  Measurements 

Blood  pressure  maybe  measured  either  directly  or  Indirectly.  In  the  direct 
methods,  an  Incision  Into  the  subject's  body  (usually  a  limb)  Is  made,  and  a  trans¬ 
ducer  or  a  transducer  transmission  device  Is  Inserted  within  the  blood  vessel .  A  cath¬ 
eter  usually  Is  Inserted  Into  the  brachial  artery,  and  the  transmitted  pressure  profile  Is 
Impressed  upon  a  diaphragm  composed  of  a  sterile,  noneorrostve  material.  The  dia¬ 
phragm  Is  linked  mechanically  to  a  displacement  transducer. 

An  even  more  direct  method  of  measuring  the  blood  pressure  Is  by  Inserting 
the  transducer  directly  Into  the  blood  vessel .  This  may  be  done  by  constructing  a  probe 
using  a  standard  hypodermic  needle  as  the  shell  for  the  transducer.*  The  pressure  head 
within  the  artery  act*  on  the  transducer  through  a  diaphragm  Instde  the  hypodermic.  In 
this  manner  the  losses  Involved  In  transmitting  the  blood  pressure  profile  through  the 
catheter  are  eliminated,  providing  better  frequency  response. 

Measuring  blood  pressure  Indirectly  with  a  displacement  transducer  Is  possible 
by  the  sphygmomanometer  or  "cuff  and  microphone"  method.  Here  the  transducer  Is 
simply  a  microphone  which  detects  the  cessation  or  continuation  of  blood  flow  In  an 
occluded  vessel. 

B.  Blood  Pulse  Wave  Signals 

Displacement  transducers  are  used  for  monitoring  pulse  wave  profiles.  The 

Eulse  measurements  are  made  by  detecting  the  minute  deflections  of  body  tissues  eaused 
v  the  pulsation  of  the  blood  within  the  blood  vessels  along  a  limb  or  at  a  fingertip. 
The  profile  of  the  pulse  wave  may  be  correlated  with  other  data,  such  as  Impedanoe 
plethysmograph  Information,  to  obtain  blood  pressure  measurements  and  pulse  rates. 

C.  Phonocardtographtc  Detection 

In  this  application,  the  displacement  transducer,  used  as  a  microphone.  Is 
fastened  to  the  subject' s  chest  tn  the  heart  region,  and  the  output  of  the  microphone  Is 
recorded  or  Instantly  displayed  upon  an  oscilloscope.  This  type  of  analysis  of  heart 
sounds  may  contain  as  much  characteristic  Information  as  an  electrocardiogram.  A 
typical  device  of  this  type  provides  a  frequency  response  of  20  to  1000  cycles  per 
second. 


D.  Balllsto-VIbrocardtogram  Measurements 

Displacement  transducers  are  used  as  very  low  frequency  accelerometers  to 
detect  the  movement  of  blood  In  the  body.  The  sub|ect  Is  placed  on  a  ballistic  table, 
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Isolated  from  environmental  thoeki  and  vibrations  by  a  carefully  designed  spring  sus¬ 
pension  system.  The  movement  of  body  mass  from  the  flow  of  blood  through  the  circu¬ 
latory  systom  products  dtttctablt  accelerations,  which  art  mtasurablt  by  dlsplactmtnt 
transducers. 

E .  Respiration  Measurements 

The  displacement  transducer  often  Is  used  to  measure  the  expansion  of  the 
subject's  chest  and  provide  a  respiration  rate  (pneumotachograph)  and  depth  measure¬ 
ment.  The  expansion  of  the  chest  Is  absorbed  by  an  elastle  band  around  the  chest. 
Inside  the  band  Is  a  displacement  or  strain  gage  type  of  transducer  that  Is  stressed  In  an 
amount  proportional  to  the  entire  expansion  of  the  chest. 

II.  Piezoelectric  Devices 

Piezoelectric  devices  are  used  as  transducers  because  an  electric  charge  is  pro¬ 
duced  across  the  face  of,  a  type  of  solid  crystalling  dielectric  when  the  crystal  lattices 
of  the  dielectric  are  distorted  in  a  certain  manner.  The  elasticity  and  thickness  of  the 
crystal  determine  the  amount  of  charge  produced  by  a  force  on  the  crystal  by  the  fol¬ 
lowing  relationship! 

Q  -  dF 

where 

Q  “  the  amount  of  charge  produced  by  force  F  .  .  ,  2 

d  *  constant  of  proportionality  (coulombs/newton  or  . . * 1 »  ). 

newtons/m4 

The  piezoelectric  crystal  may  be  thought  of  as  a  capacitor  with  the  charge  appearing 
across  the  two  parallel  plates.  The  value  of  the  capacitor  Is  directly  proportional  to 
the  area  of  the  planar  faces  and  inversely  proportional  to  the  thickness  of  the  slab  of 
crystal  used.  Thus  the  voltage  appearing  across  the  crystal  faces  is  the  charge  Q  di¬ 
vided  by  the  capacitance  C  or 

V  »  Q/C 
dF 

-  jjrX 

t 

where 

«  ■  the  dielectric  constant 
A  *  the  area  of  the  crystal 
t  ■  the  thickness  of  the  crystal  slab 

Calling  d/e  the  voltage  sensitivity  for  a  given  crystal  cut  In  a  particular  manner  g, 
and  considering  the  force  per  area  of  the  crystal  F/a  or  pressure  P,  an  expression  re¬ 
lating  the  voltage  output  of  the  crystal  In  terms  of  the  pressure  applied  Is  obtained: 
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V  «  gtP 

Values  for  g  rang#  from  -0.29  to  +0.354  — j- 

newtons/m 

The  equivalent  circuit  for  the  piezoelectric  crystal  shown  In  figure  7,  Indicates 
the  limitations  to  Its  use.  The  charge  produced  by  the  mechanical  stress  on  the  crystal 
may  be  considered  to  accumulate  on  capacitor  C.  Leakage  resistor  R  tends  to  shunt  out 
this  voltage  with  a  time  constant  RC.  However,  external  load  Impedances  are  usually 
lower  In  magnitude  than  the  Internal  resistance,  and  these  external  loads  usuallydeter- 
mtne  the  amplitude  and  frequency  response  of  the  crystal  output.  An  upper  frequency 
limit  near  the  limit  of  the  audio  band  may  be  achieved.  Because  of  the  blocking  effect 
of  the  crystal  capacitance,  a  static  d-c  response  Is  not  transmitted.  The  piezoelectric 
crystal  Is  not  linear  throughout  Its  range,  but  does  exhibit  linear  responses  within  con¬ 
fines  of  pressure  limits. 

The  device  Is  continuous  In  response  and  thus  provides  Infinite  resolution.  The 
Sensitivity  of  the  device  varies  with  the  composition  and  the  cut  of  the  crystal,  as  Indi¬ 
cated  by  the  wide  spread  of  values  of  g.  The  output  level  sensitivity  for  a  typical  unit* 
Is  93  db  below  1  volt  per  dyne  per  square  centimeter. 

Some  recent  developments  In  artlflctallyprodueed  piezoelectric  crystals  have  pro¬ 
duced  extremely  high  voltage  output  devices  In  the  order  of  kilovolts. 

III.  Variable  Resistance  Devices 

Devices  which  use  mechanical  movement  to  change  an  electrlaal  resistance  are 
used  to  sense  displacements  of  body  structures  and  to  measure  forces  produced  by  the 
physiological  processes  In  the  body. 

A.  Strain  Gages 

The  strain  gage  Is  most  useful  where  very  small  displacements  are  concerned 
and  may  be  calibrated  In  terms  of  linear  displacement,  or  the  force,  pressure,  or 
acceleration  Involved  to  produce  the  displacement.  Strain  gages  are  of  three  typesi 
wire,  semiconductor,  and  electrolytic. 

1.  Wire  Strain  Gage 

There  are  two  types  of  wire  strain  gages:  unbonded  and  bonded.  With 
both  types,  the  displacement  Is  measured  by  observing  the  degree  of  change  tn  the  re¬ 
sistance  of  a  segment  of  very  thin  wire  when  It  Is  subjected  to  displacement  force.  The 
wire  used  usually  Is  composed  of  a  nickel  and  copper  alloy,  Iron,  chromium,  platinum, 
or  constantan. 

*Gulton  Industries,  Inc.,  Metuehen,  N.  J. 
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Figure  7.  Equivalent1  Circuit  for  a  Piezoelectric  Crystal 

An  unbonded  wire  (train  gage  Is  auembled  at  In  figure  8,  In  this  config¬ 
uration,  the  tramduoer  li  In  the  form  of  a  Wheat* tone  bridge.  A  dliplacement  force  on 
the  gage  strains  two  of  the  arms  and  relieves  the  other  two,  giving  a  (train  gage  output 
with  the  relation 


where 


A  R  ■  the  change  In  the  resistance  from  the  unstressed  value  R, 

A  L  «  the  change  In  the  length  of  the  gage  from  Its  unstressed  value  L 
S  >  the  constant  of  proportionality,  Is  the  sensitivity  factor. 


Figure  8.  Unbonded  Wire  Strain  Gage 
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A  high  value  of  S  Indicate  a  greater  resistance  variation  for  a  given  strain,  with  sub- 
sequent  reduced  demands  for  amplification  and  noise  filtering,  which  Is  a  desirable 
situation.  Some  typical  values  for  the  sensitivity  factor  follow: 

Nickel -Chromium  2,1  to  2.3 

Nickel  -12.1 

Constantan  2.0  to  2.1 

(Nickel -Copper) 

The  bonded  wire  strain  gage  consists  of  a  wire  bonded  to  a  backing  of 
paper  or  epoxy  with  a  cement  or  rosin.  The  wire  pattern  Is  some  type  of  a  grid;  or  a 
foil  material  Is  used  Instead  of  a  wire  as  the  stressed  element.  The  materials  used  for 
the  stressed  element  are  the  same  as  tn  the  unbonded  gage.  The  backing  paper  Is  ce¬ 
mented  In  position  over  the  stressed  or  moving  member.  The  expression  for  the  response 
of  the  bonded  strain  gage  Is 

^IT“  " 

where  AR  and  R  are  as  defined  above,  «  Is  the  applied  strain,  and  G  Is  the  proportion¬ 
ality  constant,  called  the  gage  factor.  The  gage  factor  has  essentially  the  same  stg- 

nlflcance  as  the  sensitivity  factor  for  the  unbonded  gage,  Values  for  G  of  some  typical 
units"  follow! 


Wire  Grid  -  Constantan 

2.1 

Wire  Grid  -  Iso-Elastic 

3.3 

Foil  *  Constantan 

2.1 

Foil  -  Nlchrome 

2.1 

The  size  of  the  wire  strain  gages  depends  mainly  on  the  size  of  the  back¬ 
ing  material  to  which  they  are  bonded.  The  smaller  the  area  of  the  strain  gage,  the 
more  accurate  Is  the  measurement  for  point  strain  determination.  For  most  physiological 
experiments,  the  size  of  the  strain  gage  may  be  made  compatible  with  the  body  param¬ 
eter  under  measurement.  The  weight  of  the  wire  or  foil  It  negligible  compared  to  the 
backing  material,  and  the  whole  strain  gage  weighs  less  than  an  ounce. 

The  frequency  response  for  bonded  wire  strain  gages  may  extend  from  dc 
to  many  thousand  cycles.  The  usual  ranges,  however,  are  from  dc  to  a  few  hundred 
cycles  (ref.  24), 

Wire  strain  gages  may  be  obtained  at  any  nominal  resistance  value. 
Values  commercially  obtainable  "off-the-shelf"  range  from  60  to  100  ohms  to  os  high 
as  4000  to  5000  ohms.  Thus  a  low-  or  medium-impedance  system  may  be  used. 

The  variation  In  the  nominal  resistance  with  force  or  displacement 
applied  to  the  wire  strain  gage  Is  In  tho  order  of  1  to  5  percent.  In  most  applications, 
this  resistance  variation  changes  the  output  In  the  millivolt  range,  depending,  of 

*Baldwin-Uma-Hamllton  Corp.,  Waltham,  Mass, 
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court*,  on  th*  strain  gag*  excitation  voltage.  Self-heating  of  the  devices  by  the  ex¬ 
citation  voltage  applied  must  be  avoided.  If  possible,  to  allow  complete  stabilization 
of  the  transducer  It  Is  best  to  watt  a  few  seconds  between  the  time  that  excitation  Is 
supplied  Initially  to  the  strain  gage  and  the  time  a  determination  of  Its  nominal  value 
Is  made. 

Environmental  temperatures  limit  th*  us*  of  the  strain  gage  for  displace¬ 
ment  and  fore*  measurements.  Since  a  resistance  change  In  th*  gag*  Is  the  parameter 
being  monitored,  changes  In  the  gag*  resistance  due  to  external  factors,  such  as  am¬ 
bient  temperatures,  cannot  be  tolerated  without  compensation. 

Temperature  variations  may  be  compensated  for  In  two  wayst  another 
Identical  gage,  unstressed,  can  be  exposed  to  th*  same  environment  and  used  as  a  ref¬ 
erence  for  th*  nominal  resistance,  or  another  materiel  can  be  used  In  th*  gag*  con¬ 
struction  whose  temperature  coefficient  Is  such  that  It  cancels  the  temperature  coeffi¬ 
cient  causing  the  error.  In  addition,  the  stresses  resulting  from  th*  difference  In  the 
coefficients  of  expansion  between  the  strain  gag*  material  and  the  subject  under  test 
must  be  compensated  for.  In  th*  environmental  temperatures  to  which  the  human  body 
Is  exposed,  temperature  compensation  Is  not  a  significant  problem.  Also,  beoause  th* 
wire  strain  gag*  Is  used  most  often  for  dynamic  measurements,  a  shift  In  th*  baseline 
does  not  often  affeot  th*  usability  of  th*  data. 

2,  Semiconductor  Strain  Gag* 

In  th*  semiconductor  strain  gage,  the  stress  Is  concentrated  on  a  single 
fllamant  of  silicon  material,  doped  to  th*  desired  Impurity  level,*  When  this  fllamant 
Is  stressed,  Its  Internal  resistance  changos  In  a  manner  similar  to  that  of  th*  wire  strain 
gage.  Since  th*  gage  factor  for  semiconductor  strain  gages  is  In  the  order  of  120,  com¬ 
pared  to  2  to  3  for  wire  gagas,  this  type  gage  Is  much  more  sensitive.  Th*  gaga  factor, 
G,  Is  daflnad  In  tha  sama  manner  as  for  the  bonded  wire  gage, 


*Doplng  of  a  semiconductor  crystal  Is  the  term  used  to  describe  the  Intentional  intro¬ 
duction  of  Impurities  into  the  basic  silicon  (or  germanium)  melt  to  produce  the  desired 
level  of  resistivity  In  th*  material, 
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The  semiconductor  itrain  gage  has  two  main  drawbacks:  >the  device  Is 
somewhat  nonlinear  throughout  It*  range,  and  It*  resistive  value*  are  NMltlv*  to  tem¬ 
perature.  When  used  In  a  bridge  configuration,  thl*  temperature  »en»ltlvlty  may  be 
minimized. 

Semiconductor  *traln  gage*,  like  the  wire  strain  gage*,  are  fabricated  In 
both  a  bonded  and  unbonded  configuration.  Since  they  are  rather  fragile,  the  »eml- 
eonductor  gages  usually  are  bonded  for  reliable  operation. 

The  frequency  re*pon»e  of  the  lemtconductor  strain  gage  1*  ilmllar  to  that 
of  the  wire  gage:  dc  to  thousand*  of  cycles.  Their  small  mass  and  size  make  them  use¬ 
ful  for  measuring  point  source*.  Typical  semiconductor  strain  gages*  ere  Illustrated  In 
figure  9,  with  both  bonded  and  unbonded  free  filament  type*  shown. 


FREE  FILAMENT  (FOIL) 


Baldwln-Llmo-Homllton  Ccrp,,  Wnllham,  Mess. 

Figure  9.  Typical  Semiconductor  Strain  Gages  (Bonded  and  Unbonded) 


*BaldwIn-Llma-Hamllton  Corp.,  Waltham,  Mass. 
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3.  Electrolytic  Strain  Gage 

A  third  type  of  strain  gage  Is  a  device  fabricated  specially  for  physio¬ 
logical  research.  This  device,  the  electrolytic  or  liquid  strain  gage,  measures  changes 
In  volume  as  opposed  to  the  linear  changes  measured  by  the  two  gages  discussed 
previously. 

The  liquid  strain  gage  usually  is  constructed  of  a  langth  of  thin  flexible 
tubing,  filled  with  a  liquid  oapable  of  conducting  an  electric  current.  The  most  com¬ 
monly  used  substances  are  mercury  and  electrolytes  such  as  copper  sulfate,  zinc  sulfate, 
and  silver  nitrate.  The  tubing  Is  filled  with  the  solution  and  stoppered  at  each  end 
with  conductive  plugs  made  of  silver  or  platinum  for  mercury,  or  the  metal  of  the  elec¬ 
trolyte,  aopper,  zinc,  or  silver.  The  total  resistance  from  end  to  end  of  the  tubing, 
measured  through  the  conductive  plugs,  Is  approximately 


where 

P  ■  the  resistivity  of  the  liquid  conductor 

1  -  the  length  of  the  rubber  tubing 

r|  ■  the  Inside  radius  of  the  tubing 

Since  the  stress  forces  Imposed  on  the  device  are  mainly  In  a  direction  ahanglng  the 
length  of  the  tubing,  the  measured  resistance  varies  acoordlng  to  the  elongation  Im¬ 
posed  on  the  tubing  by  physiological  stress  forces. 

If  mercury  Is  used  as  the  conductive  fluid,  a  resistance  of  less  than  5 
ohms  Is  obtained  for  a  length  of  tubing  useful  In  plethysmography.  For  a  low  resistance 
gage  such  as  this,  a  special  Impedance  matching  circuit  (ref.  12)  is  necessary,  such  as 
Is  shown  In  figure  10. 

An  electrolyte  liquid  strain  gage  may  have  a  resistance  as  high  as  20,000 
ohms  or  as  low  as  a  few  hundred  ohms,  depending  on  the  concentration  of  the  electro¬ 
lyte.  With  electrolyte  and  metal  electrodes,  electrolysis  occurs  with  subsequent  ero¬ 
sion  of  the  terminal  contacts.  This  dissolution  of  the  electrode  material  can  be  mini¬ 
mized  by  the  reversing  potential  of  the  a-c  field  across  the  electrodes  when  an  a-c 
generator  Is  used  as  In  the  Illustrated  Impedance  bridge.  If  the  fluid  strain  gage  Is  used 
In  a  d-c  configuration,  the  dissolution  of  the  contacts  must  be  minimized  either  by 
periodically  reversing  the  current  through  the  gage  or  by  using  a  current  through  the 
gage  so  small  that  the  electrolysis  produced  Is  negligible  compared  to  the  dedred  life 
of  the  transducer  (ref.  26) . 

The  liquid  strain  gage  does  not  have  the  extended  frequency  response  of 
the  wire  and  semiconductor  gages  because  of  Its  Increased  size  and  mass.  The  response 
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Figure  10.  Impedance  Matching  Circuit  for  the  Mercury  Strain  Gage 

extendi  from  do  to  about  100  cycles  per  second.  The  gage  may  be  made  more  rugged 
to  withstand  environmental  abuse  by  enclosing  the  rubber  tubing  In  a  light  metal  spring 
or  some  similar  protective  outer  shell  that  does  not  Interfere  with  the  sensing  function 
of  the  device. 

B,  Potentlometrlc  Devices 

Potentlometrlc  devices  also  are  used  as  variable  resistance  transducers  In 
physiological  monitoring  systems.  In  this  device,  mechanical  motion  Is  translated, 
through  a  linkage,  to  movement  of  a  slider  arm  of  a  potentiometer,  changing  the  po¬ 
tentiometer  resistance.  The  potentiometer  may  or  may  not  be  linearly  constructed;  a 
nonlinear  construction  may  be  used  to  compensate  for  nonllnearltles  in  the  mechanical 
portion  of  the  transducer  system. 

The  linkage  system  maybe  a  pure  displacement  type  arrangement  with  the 
pressure  of  the  slider  arm  of  the  potentiometer  on  the  slide  wire  or  resistive  material 
Inside  the  potentiometer  the  only  force  to  be  overcome.  Other  devices  use  a  cable 
that  Is  spring  loaded  to  keep  It  wound  up;  meehanlcal  movement  unwinds  the  cable  and 
subsequently  moves  the  slider  arm  of  the  potentiometer.  For  pressure  measurements,  a 
Bourdon  tube  may  be  linked  mechanically  to  the  potentlometrlc  device,  with  the  two 
elements  In  a  single  housing. 
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Tha  potentiometric  transducer  can  produce  a  strong,  varying  signal  in  response 
to  a  small  mechanical  movement  by  using  a  large  excitation  voltage.  The  limitation 
to  the  amplitude  of  the  excitation  voltage  is  the  amount  of  power  the  device  can  dissi¬ 
pate,  which  Is  determined  by  the  resistance  range  of  the  potentiometer.  Potentiometers 
are  constructed  with  a  total  resistance  In  the  order  of  a  few  ohms  to  many  thousands  or 
even  millions  of  ohms.  The  potentiometer  may  be  used  In  conjunction  with  a  voltage  or 
current  amplifier  or  it  may  be  used  In  a  bridge  circuit  to  drive  telemetering  or  record¬ 
ing  equipment  directly. 

The  frequency  response  of  the  potentlometrlc  transducer  Is  limited  by  the  me¬ 
chanical  linkage  associated  with  the  transducer  and  the  mass  of  the  wiper  arm  of  the 
resistance  element  itself.  Most  of  the  transducers  used  In  this  configuration  respond  ‘o 
less  than  100  cycles  per  second.  The  resolution  of  most  of  the  available  devices  Is 
better  than  0.005  Inch.  The  linearity  of  the  potentlometrlc  transducers  Is  better  than 
0.6  percent  for  many  units  (ref.  24). 

C.  Carbon  Granule  Devices 

The  carbon  pile  Or  microphone  Is  the  third  main  classification  of  variable  re¬ 
sistance  devices  used  to  transform  motion  or  force  Into  an  electrical  parameter.  In  this 
device,  small  granules  or  discs  of  carbon  or  a  carbon-binder  combination  are  subjected 
to  varying  displacements  or  forces.  The  granules  or  discs  react  to  the  movement  by 
altering  the  spacing  between  adjacent  particles;  this  changes  the  total  amount  of  sur¬ 
face  area,  which  Is  the  dependent  factor  In  determining  the  electrical  resistance 
between  particles  or  discs.  The  sensitivity  factor,  S,  as  defined  previously,  ranges 
from  30  to  150  for  carbon  devices  (ref.  24). 

The  use  of  the  carbon  devices  is  limited  because  of  their  poor  linearity,  large 
hysteresis  effects,  and  high  temperature  dependence.  The  response  of  a  carbon  pile, 
composed  of  carbon  discs  placed  upon  each  other  In  a  column,  is  approximately  hyper¬ 
bolic  in  shape  when  the  resistance  deviation  is  plotted  against  the  displacement  or 
force  applied  to  the  carbon  pile.  Hysteresis  effects  may  be  as  large  as  20  percent  of 
the  full  range  response.  The  temperature  dependence  of  the  devices  is  in  the  order  of 
-3  x  10“4  to  -10"3  per  degree  centigrade  (ref.  24);  that  is,  the  resistance  decreases 
about  one  part  In  a  thousand  for  an  Increase  In  temperature  of  1°  C. 

The  carbon  microphone  uses  a  small  button  of  carbon  particles  and  Is  highly 
sensitive.  However,  its  use  as  a  calibrated  instrument  is  limited. 

IV.  Variable  Reactance  Transducers 

Variable  reactance  transducers  use  mechanical  motion  to  change  the  a-c  imped¬ 
ance  of  the  transducer,  providing  linear  displacement,  force,  or  pressure  measure¬ 
ments.  The  variable  reactance  may  be  Inductive,  as  in  a  variable  Inductor  or  differ¬ 
ential  transformer,  or  It  maybe  capacitive,  as  provided  by  a  variable  capacitor.  In 
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either  ease  the  variation  In  a-c  impedance  alto  U  a  function  of  the  frequency  of  the 
excitation  voltage  used  with  the  devices.  D-c  excitation  may  not  be  used,  at  react"* 
ance  refer*  only  to  a-c  sensitivity. 

A.  Variable  Inductance  Transducers 

The  characteristics  of  an  Inductor  are  determined  by  Its  geometry.  The  num¬ 
ber  of  turns  of  wire,  the  material  of  the  core,  or  the  shape  of  the  windings  could  be 
varied  to  transform  mechanical  displacement  into  a  changing  electrical  parameter. 
The  change  most  usually  made  on  a  transducer  Is  the  material  of  the  core  of  the  In¬ 
ductor. 

If  ferromagnetic  material  (Iron,  steel,  nickel)  Is  used  as  the  core  of  an  Induc¬ 
tor,  the  value  of  Inductance  achieved  Is  relatively  high.  An  air  core,  on  the  other 
hand,  does  not  provide  an  appreciable  inductive  value.  With  a  core  of  ferromagnetic 
material  coupled  directly  to  the  moving  member  of  the  transducer,  movement  of  the 
core  In  and  our  of  the  windings  produces  a  considerable  shift  In  Inductance  value. 
With  the  Inductor  connected  Into  an  Impedance  measuring  circuit,  such  as  a  bridge 
circuit,  the  mechanical  movement  Is  transformed  Into  an  electrical  output. 

The  value  of  reactance  depends  upon  the  excitation  frequency  and,  to  some 
degree,  the  value  of  the  excitation  voltage.  If  too  high  a  current  flows  through  the 
tnductor,  a  saturation  effect  may  diminish  the  sensitivity  of  the  device. 

B.  Differential  Transformers 

A  differential  transformer  It  an  arrangement  of  three  Inductors  about  a  com¬ 
mon  core.  When  two  or  more  colls  share  a  common  core,  the  colls  are  linked  mag¬ 
netically  and  are  considered  to  be  windings  of  a  transformer,  with  the  current  In  one 
coll  Inducing  a  voltage  in  the  second  coil.  In  a  differential  transformer,  one  coll, 
the  primary  winding,  is  excited  by  a  source  of  alternating  current,  and  the  Induced 
voltages  are  present  In  both  secondary  colls. 

If  both  secondaries  have  the  same  number  of  windings,  and  the  core  of  the 
differential  transformer  links  both  secondaries  equally  with  the  primary,  voltages  of 
equal  amplitude  appear  across  each  secondary.  The  secondaries  are  connected  In 
series-opposition,  as  shown  In  figure  11,  The  two  secondary  voltages  are  equal  In 
amplitude,  but  opposite  In  phase,  thereby  canceling  the  secondary  voltages,  and  a 
null  voltage  output  Is  obtained  from  the  series  connection. 

When  the  core  Is  moved  off-center,  however,  each  secondary  Is  not  linked 
Identically;  one  secondary  produces  a  larger  voltage  than  the  other,  and  there  is  an 
output  voltage.  The  more  off-center  the  core  Is  displaced,  the  larger  Is  the  differen¬ 
tial  output,  and  there  Is  a  good  linear  relationship  between  displacement  and  voltage 
amplitude  over  a  wide  range  (see  figuro  12). 
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DIFFERENTIAL  TRANSFORMER  AND  DEMODULATOR 


Figure  11.  Differential  Transformer,  With  Output  Circuit 

The  output  of  the  differential  transformer  may  be  converted  easily  to  a  d-c 
voltage,  with  the  amplitude  of  the  d-c  voltage  directly  proportional  to  the  displace¬ 
ment  from  the  center  position  of  the  core  and  the  d-c  polarity  a  function  of  the  direc¬ 
tion  of  displacement.  A  full -wave  rectifier  and  a  filter  section,  as  shown  In  figure  1 1, 
are  used  for  this  conversion. 

C.  Variable  Capacitance  Transducers 

Variable  capacitance  transducers  convert  small  capacitance  changes  to  other 
measurable  parameters,  such  as  voltage  and  frequency. 
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Tho  generalized  expression  for  the  capacitance  of  a  parallel-plate  capacitor 
with  a  dielectric  between  the  plates  fi 


C  ■  the  capaoltance  In  farad* 

€  ■  the  dielectric  constant  or  permltlvlty  In  farads  per  meter 
A  ■  the  area  of  the  parallel  surface  of  the  plate  In  meters* 
d  “  the  distance  between  the  plates  In  meters 

For  a  parallel-plate  capacitor  In  air  («  =  8,85  x  10'^^  a  parallel  plate  of  1  em^ 
(10“^m?)  and  a  spacing  of  10  mm  (10“*m)  result  In  a  capacitance  of  8.85  x  10“^ 
farads  or  0,08  picofarads,  Changing  any  of  the  three  factors,  the  permltlvlty,  area, 
or  spacing,  changes  the  capacitance.  Most  variable  capacitance  devices  change  either 
the  area  or  the  spacing,  seldom  both  simultaneously.  The  capacitance  changes 
proportional ly  as  the  area  of  the  plates ,  while  varying  the  spacing  changes 
the  capacitance  Inversely. 

A  differential  capacitor  Is  essentially  two  capacitors  arranged  so  that  the 
moving  element  Is  the  common  capacitor  plate  for  both.  Figure  13  Illustrates  this 
arrangement.  With  this  design,  any  movement  of  the  center  plate  Increases  the  ca¬ 
pacitance  In  one  capacitor  while  simultaneously  decreasing  the  capacitance  In  the 
other. 


Figure  13.  Functional  Drawing  of  a  Differential  Capacitor 
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The  capacitance  variation  does  not  have  to  be  detected  directly;  l.e.,  the 
pressure  fluctuations  may  be  transmitted  to  the  sensing  capacitor  plate  through  a  oath* 
eter  or  tubing,  as  Is  done  with  piezoelectric  and  stratn-gage  devices.  However,  since 
the  capacitor  plates  can  be  made  from  very  thin,  light  metal,  the  frequency  response  of 
a  system  using  the  variable  capacitor  probably  will  be  Improved  by  having  the  mechan¬ 
ical  movement  displace  the  capacitor  plate(i)  directly. 

Variable  capacitance  transducers  have  responses  from  less  than  one  oycle  per 
second  to  above  the  audio  spectrum,  a  range  that  exceeds  that  required  for  physio¬ 
logical  parameters.  The  range  of  sizes  of  the  capacitive  transducers  varies,  accord¬ 
ing  to  the  specific  application,  the  total  volum*  nqutred  for  the  transducer  Itself  may 
be  less  than  one  cubic  Inch.  The  mats  of  the  devices  Is  generally  low,  capable  of  be¬ 
ing  made  less  than  an  ounce. 

Variable  capacitance  transducers  are  inherently  continuous  devices,  affording 
Infinite  resolution.  The  sensitivity  of  these  transducers  it  dependent  upon  the  arrange¬ 
ment  of  the  plates  and  the  circuits  associated  with  them. 

One  variation  of  a  variable  capacitor  transducer*  uses  an  air-coupled  system 
to  convert  displacement  variations  to  air  pressures,  which  are  then  reconverted  to  vari¬ 
able  displacements  of  a  differential  capacitor  plate.  The  variation  In  capacitance  Is 
converted  to  a  measurable  voltage  using  Lion's  Ionization  transducer  (ref.  23),  dis¬ 
cussed  In  Section  II  on  page  77. 

TEMPERATURE  TRANSDUCERS 

In  physiological  monitoring,  the  temperature  of  the  human  sub|ect  provides  a 
measure  of  the  metabolic  rate  and  well  being  of  the  subject  under  observation.  In 
addition,  temperature  offsets  can  be  used  to  observe  other  body  parameters  In  a  moni¬ 
toring  system. 

I.  Temperature -Dependent  Resistance  Devices 
A,  Theory 

Practically  every  material,  and  especially  the  metals  and  semiconductors, 
exhibits  a  temperature -dependent  resistance  characteristic.  In  most  metals,  this  Is  a 
positive  coefficient  of  temperature;  l.e.,  resistance  Increases  with  temperature.  The 
reverse  Is  generally  true  for  semiconductors.  The  expression  for  resistance  as  a  func¬ 
tion  of  temperature  is: 

R  85  R0 


1 


+  a  (t  - 10)  + 


£  (t  - 10)[] 


* The  Decker  Corp.,  Bala-Cynwyd,  Pa. 


SENSING  DEVICES 


where 

R0  *  the  resilience  of  a  specimen  at  temperature  t0 
t  ■  the  temperature  under  measurement 
a  and  £  ■=  coefficients  of  temperature  resistance 

Over  a  limited  range  of  measurement/  /3  Is  very  small  and  the  last  term  of  the  expres¬ 
sion  may  bo  Ignored,  a  Is  not  completely  constant  and  can  vary  overa  temperature 
range.  It  Is  the  constancy  of  a  that  determines  the  Interchangeability  and  usefulness 
of  a  given  device.  Table  III  lists  a  at  20*C  and  100°C  for  some  metals. 


TABLE  III.  TEMPERATURE  COEFFICIENTS  OF  VARIOUS  MATERIALS 


Material 

a  (ig-) 

At  20»C  At  100°C 

Aluminum 

Copper 

Gold 

Manganln  (84  Cu,  12  Mn,  4NI) 

Nlokel 

Platinum 

Silver 

Tungsten 

0.0039  0.0040 

0.00392  0.0038 

0.0034  0^0025 

±0.00002  -0.000042 

0.0047  0.0043 

0.003 

0.0038  0.0036 

0.0045 

B.  Resistance  Thermometers  -  Description 

A  resistance  thermometer  or  resistance  temperature  detector  consists  of  a 
length  of  material/  usually  a  metal/  whose  varying  resistance  Is  measured  as  an  Indi¬ 
cation  of  the  temperature  to  which  the  device  Is  being  exposed.  The  constancy  and 
linearity  of  the  device  are  dependent  on  the  purity  of  the  metal  or  metal  alloy  used. 
Platinum  has  the  best  overall  linearity  and,  as  a  result.  Is  used  as  the  International 
Resistance  Standard. 

The  resistance  thermometer  Is  composed  of  either  a  length  of  wire  wound  over 
a  form,  usually  In  a  cylindrical  shape,  or  a  foil  or  grid  of  the  temperature-sensitive 
material  bonded  on  a  flat  backing  In  a  similar  manner  as  a  strain  gage.  In  either  case, 
the  resistance  thermometer  Is  the  most  accurate  temperature  sensing  device,  with  an 
accuracy  of  ±10“^°C  at  room  temperatures. 

Whan  using  the  resistance  detector,  self-heating  effects  caused  by  current 
flow  through  the  resistance  wire  must  be  avoided.  No  significant  error  Is  produced  If 
less  than  10  mllllamperes  Is  present  In  a  wire  of  greater  than  0.05  mm  diameter 
(ref.  24). 
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Tha  resistance  range  for  a  given  thermistor  can  be  specified  according  to  the 
desired  value  for  compatibility  of  equipment.  Slnoe  the  resistance  of  the  thermistor 
varies  exponentially  with  temperature,  the  overall  resistance  range  for  a  temperature 
range  of  100°C  can  be  from  thousands  to  hundreds  of  ohms.  Figure  14  shows  the  char¬ 
acteristics  of  a  thermistor  series  available  from  one  manufacturer.* 

Positive  coefficient  semiconductor  thermistors  also  are  manufactured.  They 
are  found  useful  for  temperature  compensation  of  negative  temperature  devices.  One 
available  device  hat  a  positive  temperature  coefficient  of  0.7  percent  per  *C.** 

Thermistors  are  made  of  molded  powder  and  therefore  may  be  shaped  Into  any 
desired  configuration.  Small  bead  tips  of  $/\6  inch  diameter  ere  available  as  are  flat 
disc  types  of  twice  this  size.  Figure  15  illustrates  a  few  different  thermistor  configu¬ 
rations,  all  with  the  same  resistance  characteristics  shown  In  figure  14. 

The  response  time  of  a  thermistor  Is  highly  dependent  on  the  manner  in  whtoh 
It  is  attached  to  the  surface  under  Investigation.  Conduction  of  heat  is  usually  the 
fastest  manner  of  propagation;  therefore,  the  thermistor  must  maintain  a  good  thermal 
contact  with  the  area  in  question.  The  tip  of  the  thermistor  probe  containing  the  semi¬ 
conductor  material  maybe  fabricated  from  steel,  vinyl,  glass,  or  some  other  material 
that  does  not  react  adversely  with  the  monitored  environment.  Thf  probe  tip  material 
and  the  total  area  of  the  tip  determine  the  response  time.  The  measure  of  response 
time  is  the  time  constant  of  the  device,  which  Is  the  time  for  the  resistance  of  the 
thermistor  to  ohange  to  (1  -  1/c)  or  63  percent  of  the  final  resistance  when  the  ther¬ 
mistor  Is  sub  looted  to  a  step  change  In  temperature.  Time  constants  for  thermistors 
range  from  under  1  second  to  over  2  minutes.  The  time  necessary  for  the  instrument  to 
respond  to  varying  temperature  conditions  is  determined  by  the  time  constant  of  the 
device. 

Depending  on  the  construction  and  attachment  of  the  thermistor,  the  region 
monitored  for  temperature  may  be  very  small  or  many  cubic  feet. 

Since  the  tip  of  the  thermistor  is  of  some  finite  size,  its  contact  with  a  point 
surface  allows  a  portion  of  the  probe  to  be  in  contact  with  the  environment  surrounding 
the  point.  The  thermistor  tends  to  average  temperatures  on  Its  surface,  restricting  Its 
application  for  potnt  measurements. 

II.  Thermoelectric  Devices  -  Thermocouples 

A  thermoelectric  device  generates  an  electrical  signal  proportional  to  the  temper¬ 
ature  to  which  It  Is  exposed.  The  most  common  thermoelectric  device  Is  the  thermo¬ 
couple. 


*  Yellow  Springs  Instrument  Co.,  Yellow  Springs,  Ohio 
* ‘Texas  Instruments  Inc.,  Dallas,  Texas 
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Yells*  SpiluQ*  Instrument  Co,,  |nc„  Vnlll**  Iptlngt,  Ohl# 

Figure  15.  Some  Typical  Thermistor  Probes 


The  principle  of  operation  of  the  thermocouple  !i  bated  on  the  Seebeck  effect, 
which  itatei  that  If  a  circuit  contain!  two  metali,  with  one  [unction  of  the  two  metal* 
hotter  than  the  other,  a  current  flow*  In  the  circuit.  The  direction  of  the  flow  It  de¬ 
pendent  upon  the  relative  thermoelectric  coefficient  of  the  metali  and  the  relative 
temperatures  of  the  two  |unctloni.  One  [unction  Ii  used  at  the  measuring  [unction,  and 
the  other  [unction,  referred  to  as  the  reference  leg,  usually  is  maintained  at  a  constant 
temperature. 

The  standard  metal  combinations  In  use  for  thermocouple  [unctions  are;  platinum 
and  platinum-rhodium,  chromel  and  alumel,  Iron  and  constantan,  copper  and  constan- 
tan,  chromel  and  constantan,  and  carbon  and  silicon  carbide.41 


*Chromel  (90%  N I,  10%  Cr),  Alumel  (94%  Nl,  2%  Al,  3%  Mn,  1%  SI),  Constantan 
(55%  Cu,  45%  NI). 
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The  expression  for  thermoelectric  voltage  Is  given  by  the  equation! 
E  ■  At  +  -y~  Bt2  +  -g—  Ct2 


where 

E  Is  In  microvolts, 

A,  B,  and  C  are  constants  for  a  given  metal  In  mlcrovolts/°C,  and 
t  Is  the  temperature  In  °C 

Thermocouple  sensitivity,  Q,  Is  the  change  In  voltage  per  degree  C,  or 
Q  -  -gy-  -  A  +  Bt  +  Ct2 

where  A  represents  the  thermocouple  voltage  at  0°C.  A  listing  of  sensitivity  factors  Is 
given  In  Table  IV,  These  sensitivities  are  given  relative  to  platinum,  thereby  assuming 
that  platinum  Is  one  of  the  Junction  metals.  The  sensitivity  for  any  combination  of 
listed  metals  may  be  determined  by  algebraically  subtracting  the  two  sensitivities  from 
each  other.  The  sign  of  the  difference  Indicates  the  polarity  of  the  voltage. 


TABLE  IV.  THERMOCOUPLE  SENSITIVITY  OF  VARIOUS  MATERIALS  (pVOLTS/#C) 


Rhodium 

6 

Geld 

6.5 

Chromel 

30,3 

Iron 

18.5 

Constantan 

-35 

Nlehrome 

25 

Nickel 

-15 

Germanium 

300 

Aluminum 

3.5 

Silicon 

400 

Silver 

6.5 

Selenium 

900 

Copper 

6.5 

The  voltages  listed  In  the  table  are  the  open-clrcult-voltage  sensitivities  obtained 
with  the  reference  Junction  kept  at  0°C.  Since  any  measuring  device  must  be  con¬ 
nected  to  some  Indication  device,  there  Is  the  problem  of  loading.  If  current  Is  drawn 
from  the  |unctlon,  heat  Is  produced  both  In  the  wire  and  at  the  Junction  of  the  thermo¬ 
couple,  reducing  the  accuracy  of  the  measurement.  In  addition,  a  voltage  drop  across 
the  leads  connecting  the  thermocouple  to  the  Indication  device  also  Interferes  with 
accurate  measurements.  To  avoid  these  potential  causes  of  Inaccuracies,  a  potenti¬ 
ometer  circuit  Is  used  which  draws  no  current  In  the  balanced  condition. 

When  using  the  thermocouple,  the  temperature  of  the  reference  leg  of  the  devtae 
should  be  kept  constant  or,  If  there  are  variations  In  temperature,  they  should  be 
known.  Various  schemes  have  been  devised  to  compensate  for  temperature  rises  at  the 
reference  Junction.  One  of  these  does  so  automatically  through  the  use  of  a  thermistor 
whose  temperature  characteristics  are  exactly  the  Inverse  of  the  thermocouple  temper¬ 
ature  variations. 


34 


TEMPERATURE  TRANSDUCERS 


III.  Application* 

Temperature-measuring  device*  are  used  in  physiological  monitoring  to  determine 
body  temperature.  Rectal  detectors,  oral  detectors,  and  skin  surface  detectors  are 
used  and,  generally,  the  rectal  detector  provides  the  most  reliable  results. 

A  rectal  probe  usually  uses  a  thermistor  with  a  beaded  tip.  The  leads  are  long 
enough  to  allow  the  probe  to  penetrate  three  or  four  Inches  Into  the  rectum,  after 
which  It  ts  taped  tn  place,  Little  discomfort  Is  felt  by  the  subject. 

The  oral  detector  Is  usually  placed  under  the  subject's  tongue  and  held  In  place 
by  either  a  harness  or  tape.  Th(|  ditedtor,  however,  often  Interferes  with  the  normal 
activities  of  the  subject  being  monitored. 

The  main  limitation  of  the  skin  surface  detector  Is  the  difficulty  of  maintaining 
good  contact  between  the  probe  and  the  skin.  One  method  has  been  to  mount  thermis¬ 
tors  tn  the  Inner  surface  of  a  suit  of  underwear  (ref,  37).  The  most  popular  method  Is 
to  attach  the  thermistor  to  the  skin  with  tape .  Subcutaneous  thermistor  probes  also  are 
available,  such  as  a  hypodermic-needle-mounted  probe  or  a  probe  intended  for  Im¬ 
plantation  In  the  subcutaneous  tissue. 

In  addition  to  using  temperature-detecting  devices  solely  for  determining  body 
temperatures,  thermistors  and  thermocouples  are  placed  In  the  respiratory  path  of  the 
subject  to  detect  respiration  patterns.  As  air  Is  drawn  Into  the  mouth  or  nose  and  then 
exhaled,  there  are  differences  tn  air  temperature.  The  output  of  the  thermistor  shows 
a  decrease  and  Increase  of  resistance  corresponding  to  the  Inspired  and  expired  air 
pattern.  Figure  16  shows  a  record  of  respiration  patterns  obtained  using  a  thermistor 
as  the  sensing  element  (ref.  27).  The  major  disadvantage  of  this  method  of  monitoring, 
however,  Is  the  need  to  position  the  transducer  so  that  turning  the  head  does  not  eli¬ 
minate  the  monitoring  function. 


Figure  16.  Respiration  Pattern  Obtained  with  Thermistor 
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OPTICAL  TRANSDUCERS 

Several  physiological  parameters  can  be  measured  with  photoelectric  devices. 
This  Is  done  by  Illuminating  portions  of  the  body  and  detecting  the  light  transmitted 
through  or  reflected  from  the  body  tissue.  Significant  optical -to-electrlcal  trans¬ 
ductions  are  thereby  obtained,  since  the  body's  optical  characteristics  will  change 
with  certain  body  functions,  particularly  blood  flow. 

There  are  three  types  of  photoelectric  transducers,  each  employing  a  different 
physical  effeett  photoconduetlve,  photovoltaic,  and  photoemlsslve.  These  are  all 
quantum  effects,  caused  by  the  transfer  of  energy  from  the  Incident  radiation  or  light 
to  the  current  carriers  In  the  sensitive  material  of  the  transducers. 

All  the  photoelectric  transducers  discussed  below  can  be  operated  effectively  with 
common  tungsten-filament  lamps  for  their  light  source.  Tungsten  filaments  emit  light 
with  a  frequency  spectrum  that  extends  from  the  ultraviolet,  through  visible  light,  Into 
the  Infrared.  Figure  17  shows  this  spectral  output.  The  devices  under  consideration 
all  have  peak  responses  to  light  of  wavelengths  within  this  spectrum.  The  spectral  re¬ 
sponse  Is  a  particularly  significant  characteristic  when  selecting  a  device  for  operation 
In  or  near  the  Infrared  portion  of  the  spectrum. 

I.  Photoconduetlve  Transducers 

A.  Theory  and  Description 

A  photoconduetlve  transducer  Is  essentially  a  resistor  that  has  the  property  of 
changing  Its  resistivity  upon  exposure  to  radiant  energy.  Most  photoconductors  consist 


Figure  17,  Spectral  Output  of  Tungsten  Filament  Lamps 
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simplyof  a  thin  semitransparent  film  of  resistive  matarial  deposited  upon  the  inside  of  o 
glass  chamber,  which  ts  than  evacuated ,  Resistive  materials  most  commonly  used  are 
selenium,  the  metal  sulfides,  germanium,  and  silicon* 

The  basic  circuit  for  the  photoconducttve  transducer  ts  shown  In  figure  18. 
The  physics  of  the  semiconducting  change  in  resistance  Is  relatively  complex.  Simply 
put,  when  quanta  of  radiant  energy  strike  the  resistive  material,  giving  up  thetr  energy, 
electrons  are  raised  from  the  valence  bend  to  the  conduction  band  In  the  material,  and 
the  resistance  of  the  device  dropl  iharply  from  Its  high,  unilluminated  level.  With  a 
voltage  Impressed  across  the  device,  the  resultant  Increase  In  current  flow  Is  propor¬ 
tional  to  the  amount  of  light  striking  the  device.  (The  current  ts  also  a  function  of  the 
amount  of  voltage  applied.)  Therefore,  the  response  of  photoeonduators  Is  essentially 
linear;  that  ts,  the  drop  In  resistance  and  rise  In  photocurrent  are  proportional  to  the 
level  of  Illumination.  The  resistance  of  the  resistive  material  without  Illumination  Is 
In  the  megohm  range,  and  It  decreases  to  the  ktlohm  range  with  SO  to  100  foot-candles 
illumination. 


Figure  18.  Basic  Circuit  of  Photoconducttve  Transducer 

The  sensitivity  of  photoconduetors  varies  widely  with  the  resistive  material, 
and  Is  strongly  affected  by  the  voltage  applied.  Typically,  for  commercially  available 
detectors  using  cadmium  sulphide,  the  radiant  sensitivity  Is  about  300  to  S00  microam¬ 
peres  per  microwatt,  at  the  peak  wavelength  of  radiation.  Spectral  sensitivity  may 
vary  by  several  orders  of  magnitude,  from  mill  (amperes  to  several  amperes  per  lumen. 

The  spectral  response  of  photoconducttve  transducers  matches  the  spectral 
output  of  tungsten  lamps  very  well,  with  a  peak  response  at  about  500  millimicrons  and 
a  threshold  response  in  the  infrared  range.  The  response  In  the  Infrared  range  can  ba 
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improved  by  cooling  the  cell  (and  by  using  special  infrared-transparent  glasses,  such  as 
sapphire  or  perlklase) . 

The  increase  in  current  In  a  photoconductor  Is  not  instantaneous  with  exposure 
to  light.  The  rise  time  is  In  the  millisecond  range,  however,  permitting  photoconduc¬ 
tors  to  be  operated  with  lamps  that  are  chopped  or  modulated  at  about  1000  cycles  per 
second . 


B.  Applications  of  Photoconduetive  Devices 
1.  Pulse  Monitor 

Because  of  small  size,  sensitivity  and  availability  In  various  current 
carrying  sizes, photoconduetive  types  are  probably  the  most  useful  of  all  light-actuated 
transducers.  However,  their  comparatively  slow  response  to  fluctuating  light  generally 
limits  use  to  applications  where  frequencies  above  1000  cps  are  not  Involved.  In  many 
applications  either  photoconduetive  or  photovoltaic  sensors  maybe  used,  the  choice 
depending  upon  particular  design  considerations. 

A  photoconduetive  transducer  is  an  excellent  pickup  for  detecting  the 
arterial  pulse.  The  photoconductivo  pickup  is  placed  over  a  convenient  near-surface 
artery,  and  a  6-volt  lamp  adjacent  to  the  transducer  serves  as  a  light  source.  The 
light  from  the  lamp  Is  reflected  from  the  skin  or  scattered  within  the  skin  and  is  de¬ 
tected  by  the  transducer.  The  Intensity  df  the  light  detected  varies  as  a  function  of 
skin  opacity,  which,  In  turn,  changes  with  the  arterial  pulse.  With  the  transducer 
connected  into  a  bridge  circuit,  a  changing  output  voltage,  which  Indicates  the  pulse 
rate,  Is  available  for  transmission,  display,  or  recording. 

This  type  of  transducer  is  relatively  easy  and  Inexpensive  to  fabricate. 
The  basic  configuration  Is  shown  In  figure  19.  The  transducer  and  lamp  are  anchored 


Figure  19,  Photoelectric  Transducer  for  Pulse  Monitoring 
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permanently  in  a  housing,  which  can  be  formed  of  an  easily  workable  plastic,  such  as 
Is  used  to  make  dentures.  The  plastic  should  be  opaqued  with  black  pigment  to  exclude 
ambient  light.  Several  transducers  of  this  type  are  commercially  available. 

2.  Photoelectric  Plethysmograph 

The  photoconductlve  transducer  used  to  monitor  the  arterial  pulse  rate 
(described  above)  also  can  be  used  to  monitor  blood  flow.  The  method  oF  operation  is 
essentially  the  same,  except  that  the  pulse  waveform  Is  modified  and  shaped  to  give  an 
analog  of  the  quantity  (and,  In  some  instances,  the  pressure)  of  the  blood. 

II.  Photovoltaic  Transducers 

A.  Theory  and  Description 

The  photovoltaic  transducer  is  a  semiconductor  device  which  generates  a 
voltage  when  exposed  to  light.  It  can  be  used,  therefore,  to  measure  light  without  an 
external,  exciting  voltage  or  current.  Figure  20  shows  the  construction  of  such  a  de¬ 
vice.  Upon  d  base  plate  of  metal  (Iron  or  steel),  a  layer  of  specially  processed  semi¬ 
conducting  crystal  (usually  selenium)  Is  deposited.  A  thtn,  transparent  metal  layer  Is 
deposited  on  top  of  this,  with  an  insulating  barrier  layer  between.  A  metal  collecting 
ring  or  electrode  Is  usually  then  deposited  upon  the  transparent  layer. 


Figure  20.  Construction  of  a  Photovoltaic  Transducer 


When  light  falls  upon  the  device,  It  penetrates  the  transparent  layer  and  gives 
up  Its  energy  in  the  semiconducting  layer,  creating  negative  and  positive  charges 
across  the  barrier,  which  results  In  an  electromotive  force.  Current  will  flow  in  an 
external  circuit  that  Is  connected  to  the  base  and  the  collecting  ring  of  a  photovoltaic 
transducer. 

Impedance  matching  with  the  photocell  Is  difficult  because  of  the  relationship 
of  output  current  and  internal  resistance.  Figure  21  shows  an  equivalent  circuit  for  a 
photocell.  It  is  essentially  a  photocurrent  generator,  Ip,  shunted  by  a  capacitance 
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Diameter 


Photosensitive 
Area  (In. ^) 

Output  Current  at 
100  Foot-Candles, 

100  ohms  (pa) 

0.045 

12 

0.06 

20 

0.78 

250 

1.40 

440 
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B.  Application*  of  Photovoltaic  Device* 

1 .  Oxygen  Saturation 

Photovoltaic  tramducer*  meature  the  percentage  of  oxygen  saturation  of 
the  blood  by  detecting  the  difference  In  abiorption  by  the  blood  of  visible  light  and 
Infrared  light  that  have  been  passed  through  a  portion  of  the  body.  The  lobe  of  the  ear 
I*  convenient  for  this  measurement.  (In  clinical  studies,  samples  of  blood  are  with¬ 
drawn  by  catheterization  and  chambered  for  optical  measurement  In  a  device  called  the 
cuvette.)  This  measurement  Is  called  oximetry. 

Figure  22  shows  an  earpiece  designed  for  measuring  oxygen  saturation  of 
the  blood.  The  earpiece  contains  two  selenium  barrier-layer  cells,  each  with  a  differ¬ 
ent  optical  filter.  One  passes  only  Infrared  light  transmitted  through  the  ear;  the  other 
passes  only  red.  Either  absolute  or  relative  indications  of  the  oxygen  content  are  ob¬ 
tained,  depending  upon  the  design  of  the  external  circuits.  To  obtain  a  reference 
measurement  of  the  light  transmitted  by  the  bloodless  ear,  a  transparent,  pneumatic 
pressure  dome,  located  In  the  lamp  housing  between  the  lamp  and  the  ear,  is  Inflated 
to  occlude  the  blood  In  the  ear. 

2.  Blood  Pressure 

A  fair  approximation  of  systolic  blood  pressure  can  be  obtained  at  the 
ear  using  essentially  the  same  transducer  as  is  used  for  oximetry.  This  relationship  was 
uncovered  when  It  was  found  that  the  pressure  required  to  occlude  blood  flow  com¬ 
pletely  through  the  portion  of  the  ear  lobe  under  observation  corresponded  to  the  syt'- 
tollc  blood  pressure  (ref.  60). 
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The  Walfri  Corp„  Roshester,  Minn, 


Figure  22.  Photoelectric  Earpiece  for  Oximetry 

For  this  blood  pressure  measurement,  the  air  supply  of  the  pneumatic 
dome  In  the  earpiece  Is  monitored  with  an  appropriate  pressure  transducer,  such  as  the 
strain  gage.  A  comparison  of  the  recordings  of  the  pressure  transducer  and  the  photo- 
galvanic  transducer  yields  the  systolic  blood  pressure.  This  type  of  measurement  Is  not 
restricted  to  photovoltaic  devices,  of  course,  Photoconductlve  transducers  could  well 
be  used.  Photoemitters,  however,  are  generally  too  bulky  for  application  to  this 
measurement. 

III.  Photoemisslve  Transducers 
A.  Vacuum  Phototubes 

The  simplest  photoemisslve  transducer  Is  a  vacuum  tube  containing  a  photo¬ 
sensitive  cathode  and  a  collecting  anode.  The  anode  Is  maintained  positive  by  an 
external  potential.  When  light  falls  on  the  cathode,  electrons  are  liberated,  and  they 
move  toward  the  positive  anode,  creating  an  electric  current.  Figure  23  shows  a 
simple  circuit  for  a  photoemisslve  detector. 

There  are  two  fundamental  relationships  In  the  operation  of  this  transducer. 
First,  the  current  Is  directly  proportional  to  the  Intensity  of  the  light,  and,  second,  the 
energy  of  the  emitted  electrons  Is  related  directly  to  the  wavelength  of  the  light,  not 
the  Intensity. 

Materials  showing  the  greater  emlsslvlty  occur  In  the  lower  order  of  the  peri¬ 
odic  table,  where  the  total  binding  force  upon  electrons  Is  lower.  These  materials 
Include  the  alkali  metals,  particularly  cesium.  Photoemisslve  devices  are  classified  by 
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Figure  23.  Bade  Clrcultfor  a  Photoemlsslve  Transducer 


manufacturer!  according  to  their  spectral  sensitivity,  which  li  a  function  of  the  mate¬ 
rial  uied  for  the  cathode.  The  four  classes  of  photoemitter  of  principal  Interest,  and 
the  photosensitive  materials  used  In  their  cathodes,  are  the  followlngi 


S 1 1  ver -oxygen -ces  I  urn 
Silver-rubidium  oxide-rubldlum 
Antimony-cesium 
Blsmuth-oxygen-sllver-ceslum  or 
Blsmuth-oxygen-antlmony-ceslum 


The  spectral  sensitivity  and  relative  response  of  these  photocathodes  are  shown 
In  figure  24.  Three  of  the  types  show  peak  response  at  about  400  millimicrons,  and 
threshold  response  falls  off  at  Infrared  wavelengths.  Type  S-l,  with  an  Ag-O-Cs  cath¬ 
ode,  and  a  peak  response  at  about  840  millimicrons,  has  a  threshold  response  which 
extends  well  Into  the  Infrared  (about  1100  millimicrons).  This  characteristic  makes  the 
S-1  device  useful  In  measurements  where  the  spectrum  of  light  detected  Is  of  greater 
significance  than  the  quantity  of  light.  If  quartz  rather  then  lime  glass  is  used  for  the 
vacuum  tube,  threshold  response  out  to  the  ultraviolet  also  Is  possible. 


Significant  performance  characteristics  of  these  devices  are  given  In  table  VI. 
The  following  characteristics  apply  generally  to  all  four  classes: 


1 ,  Frequency  response  is  '  Mformly  high,  in  the  megacycle  range,  since  the 
only  limit  on  photoemlsslve  devices  is  electron  transit  time. 


2.  Output  current  generally  should  be  limited  to  1  microampere  per  square 
centimeter  of  cathode  material,  since  higher  current  density  causes  unstable  perform- 


3.  The  current-voltage  response  of  photoemitters  Is  essentially  linear. 
Above  a  positive  anode  voltage  of  about  60  volts,  an  Increase  tn  anode  voltage 
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Figure  24.  Spectral  Sensitivity  of  Varlou*  Photocathodei 

produces  an  Insignificant  rise  In  current.  Most  vacuum  phototubes  are  operated  with 
an  anode  voltage  of  +250  volts. 

4.  Output  resistance  of  the  devices  Is  determined  by  the  output  or  load  re¬ 
sistor,  which  Is  usually  between  1  and  20  megohms. 

5.  Dark  current  In  vacuum  tube  photoemitters  Is  about  5  to  10  microamperes, 
and  can  be  minimized  by  cooling  the  cathode  and  lowering  the  applied  voltage. 

B.  Gas-Filled  Phototubes 

Gas-ftlled  phototubes  are  used  instead  of  vacuum  tubes  where  light  Input 
levels  are  low,  and  the  output  current  obtainable  with  a  vacuum  tube  Is  too  low  for 
accurate  measurement.  In  the  gas-fll led  tube,  the  collision  of  electrons  (liberated  from 
the  cathode)  with  the  gas  molecules  In  the  celt  Ionizes  the  gas,  and  there  Is  a  conse- 
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quant  liberation  of  secondary  electrons.  By  this  means,  as  much  as  10  times  more 
current  Is  obtained  from  the  gas-filled  tube  than  is  obtained  from  the  vacuum  tube. 

The  operation  of  a  gas-filled  tube  differs  from  that  of  the  vacuum  tube  In  sev¬ 
eral  ways.  For  one  thing,  frequency  response  In  the  gas-filled  tubes  Is  considerably 
lower  because  of  the  Increased  transit  time  of  the  electrons  necessitated  by  the  Ionisa¬ 
tion  phenomenon.  The  upper  limit  on  response  of  gas-filled  tubes  Is  about  10,000 
cycles  per  second. 


TABLE  VI.  CHARACTERISTICS  OF  TYPICAL  VACUUM  PHOTOTUBES 


Class  or  Type 

5-3 

S-4 

S-8 

Spectral  response 

, 

Peak,  millimicrons 

840 

420 

400 

400 

Threshold,  millimicrons 

1100 

900 

700 

800 

Sensitivity* 

4-15 

Luminous,  mlcroamperes/lumen 

12-40 

25-70 

10-60 

Radiant,  mlcroamperes/miorowatt 

0.0018 

0.0016 

0.042 

Dark  current,  *  microamperes 

0.005 

0.005 

0.0125 

Cathode  current  density,  mlcro- 
amperes/ln.* 

30 

100 

100 

Cathode  current 

Average,  microamperes 

10 

5 

5 

Peak,  microamperes 

10 

20 

Maximum  temperature 

100°C 

100#C 

75°  C 

100°C 

*Wtth  +250  volts  on  the  anode. 

Also,  In  the  gas-filled  tube,  the  anode  voltage -current  response  Is  nonlinear. 
Output  current  Is  dependent  markedly  upon  anode  voltage,  and  the  plate  voltage  sup¬ 
ply  must  be  controlled  more  carefully  than  in  a  vacuum-tube  circuit.  Figure  25  shows 
the  current-voltage  relationship  for  the  two  types  of  phototubes.*  The  gas-filled  tube 
must  be  used  cautiously  because  an  excess  of  anode  voltage  (normally,  above  90  volts) 
can  produce  complete  Ionization  and  glow  discharge,  resulting  In  damage  to  the 
cathode.  The  gas  phototube  should  be  used  for  Its  greater  sensitivity,  but  operated  at 
lower  ratings  of  anode  voltage  and  current  than  vacuum  phototubes. 


*Radlo  Corporation  of  America,  Harrison,  N,  J. 
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C.  Multiplier  Phototubes 

Another  type  of  photoemiiilve  phototube  is  the  multiplier  phototube,  This  de¬ 
vice  employs  a  series  of  secondary  electrodes  or  dynodas,  between  the  cathode  and  the 
anode,  to  amplify  the  cathode  current  Internally.  A  positive  potential  of  about  100 
volts  is  maintained  between  electrodes.  The  tube  uses  a  cascading  operation,  wherein 
electrons  liberated  from  the  cathode  strike  the  first  dynode,  causing  secondary  emis¬ 
sion.  The  combined  electron  flow  then  strikes  the  second  dynode,  creating  even  more 
secondary  emissions.  This  process  Is  repeated  (through  as  many  as  13  stages)  until  the 
combined  electron  flow  from  the  last  dynode  1s  collected  at  the  anode.  A  current  gain 
of  as  much  as  10&  Is  possible  (a  luminous  sensitivity  for  the  cell  of  20  amperes  per 
lumen  while  that  of  the  cathode  Is  only  20  microamperes  per  lumen) .  Multiplier  photo¬ 
tubes  have  obvious  advantages,  being  by  far  the  most  sensitive  of  the  phototubes,  mak¬ 
ing  possible  usable  outputs  without  further  amplification.  And  gain  Is  obtained  without 
significant  loss  of  frequency  response,  as  in  the  gas  phototube,  because  no  Ionization 
takes  place,  and  the  Increase  In  electron  transit  time  Is  negligible. 

D ,  Applications  of  Photoemlsslye  Devices 

.  •  ■  •  •  ■■  ,I):  ■ 

For  many  applications,  the  multiplier  phototube  appears  to  be  the  most  attrac¬ 
tive  of  photoemlsslve  transducers,  because  of  Its  extremely  high  sensitivity.  However, 
the  smallest  tubes  are  between  2  and  3  Inches  long,  and  they  requlro  relatively  com¬ 
plex,  stable  power  supply  circuits  for  efficient. operation.  Consequently,  they  are 
unsuitable  for  use  In  transducers  that  must  be  attached  to  the  body  dlreotly,  as,  for 
example,  the  photogalvanlc  oximeter  earpiece  or  the  photoconduetlve  plethysmo- 
graphtc  pickup. 

Multiplier  phototubes,  therefore,  are  usually  restricted  in  use  to  clinical  or 
laboratory  measurements  for  various  blood  analyses,  such  as  cuvette  oximetry,  blood 
cell  counting,  and  gas  absorption. 

ELECTROCHEMICAL  TRANSDUCERS 

Chemical-to-electrlcal  transduction  Is  used  for  at  least  one  physiological  meas¬ 
urement:  the  concentration  of  oxygen,  both  In  blood  and  In  expired  air.  Polarographlc 
transducers  generallyare  employed  for  measuring  oxygen  concentration.  In  these  trans¬ 
ducers,  current  flow  between  two  electrodes  Is  a  function  of  the  amount  of  oxygen  In 
the  liquid  or  gas  environment  being  measured. 

I.  The  Polarographlc  Cell  for  Oxygen  Sensing 

The  reference  electrode  In  a  polarographlc  cell  Is  made  of  silver  or  a  silver-silver 
chloride  alloy.  The  active  electrode  generally  Is  made  of  platinum  (gold  and  calomel 
also  have  bean  used  with  success).  The  electrolyte  usually  Is  potassium  chloride  or 
sodium  chloride.  A  small  voltage  (0.5  to  0.7  volt)  Is  Impressed  across  the  electrodes, 
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causing  a  small  current  to  flow.  This  current  flow  decreases  as  the  cell  becomes 
polarized  by  the  concentration  of  hydrogen  tons  at  the  platinum  Qathode. 

The  electrodes  and  electrolyte  are  sealed  behind  a  semipermeable  membrane  of 
polyethelene  or  Teflon.  The  membrane  prevents  contamination  of  the  electrolyte  when 
the  cell  is  immersed  In  the  fluid  or  gas  being  studied,  but  it  permits  oxygen  molecules 
to  pass  through  into  the  electrolyte.  There,  the  oxygen  molecules  are  drawn  to  the 
platinum  electrode,  combining  with  the  hydrogen  ions.  This  action  depolarizes  the 
cell,  and  there  Is  an  Increase  In  current  flow  through  the  electrodes.  The  amount  of 
current  flow  is  proportional  to  the  oxygen  concentration  of  the  gas  or  liquid  adjacent 
to  the  membrane. 

II.  Applications 

A.  Oxygen  Concentration  In  Blood 

Oxygen  concentration  in  the  blood  can  be  measured  In  two  ways  by  polaro- 
graphtc  means.  In  one,  the  polarographic  cell  is  contained  In  a  cuvette,  and  blood 
samples  are  taken  from  the  sub|ect  by  catheterization.  In  the  other,  the  transducer  Is 
placed  Into  the  blood  stream  directly  by  incorporating  the  polarographto  cell  into  the 
catheter.  One  miniaturized  device  Is  available  that  can  be  Inserted  Into  an  18-gage 
needle.*  In  this  device,  the  active  electrode  Is  a  0.0005-Inch  platinum  wire,  which 
Is  sealed  In  glass  with  only  the  tip  exposed.  The  wire  is  cemented  Into  a  fine  silver 
tube  that  serves  as  the  reference  electrode.  The  tip  of  the  electrode  Is  covered  with 
the  polyethelene  membrane. 

This  method  of  measuring  oxygen  concentration  In  the  blood  Is  restricted  to 
applications  where  venous  or  arterial  punature  can  be  tolerated,  and  where  adequate 
precaution  against  hemorrhage  Is  taken. 

B.  Respiratory  Oxygen 

Polarographic  transducers  may  be  incorporated  into  gas  lines  for  the  measure¬ 
ment  of  oxygen  In  respired  air.  Some  such  devices  are  commercially  available.  One, 
shown  in  figure  26,  Is  not  strictly  speaking  a  polarographic  devtee.  It  uses  no  polar¬ 
izing  voltage,  but  generates  its  own  voltage,  and  has  an  active  electrode  of  gold  and 
a  reference  electrode  of  cadmium  (ref.  31). 

Unlike  polarographic  cells  Immersed  In  the  blood,  those  in  a  flowing  gas 
stream  are  exposed  to  temperature  changes.  In  some  cases,  changes  In  temperature  can 
be  compensated  for  by  placing  a  thermistor  across  the  electrodes  and  taking  the  output 
across  the  thermistor.  The  change  in  resistance  In  the  thermistor  varies  Inversely  as  the 
change  In  current  caused  by  temperature,  so  the  output  tends  to  remain  constant. 


"Beckman  Instruments,  Inc.,  Sptnco  Division,  Palo  Alto,  Calif. 
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Ftgur*  26.  An  Electrochemical  Oxygen  Senior 

Polarographlo  devices  may  be  used  In  warning  systems  for  hypoxia,  which  Is 
the  condition  of  low  oxygen  supply  In  the  blood  stream.  For  this  purpose,  the  device 
Is  calibrated  against  a  safe  level  of  oxygen  concentration,  and  a  drop  In  electrical 
output  below  this  level  activates  a  signaling  device.  Even  with  the  relatively  slow 
response  time  of  the  device  —  roughly  10  seconds  —  It  shows  promise.  However,  the 
warning  Indication  may  or  may  not  indicate  a  critical  situation,  since  certain  other 
parameters,  such  as  ambient  pressurization,  the  carbon-dioxide  concentration  In  the 
expired  air,  and  the  rate  of  breathing,  may  affect  the  significance  of  the  measured 
oxygen  concentration. 

OTHER  TRANSDUCER  CONSIDERATIONS 

The  sensing  of  physiological  parameters,  by  the  various  means  described  above, 
yields  Information  on  body  responses  of  Interest  to  the  physiologist  or  researcher.  As 
part  of  an  overall  experiment  or  operation,  however,  other  data  Inputs  also  may  be 
necessary. 

Most  significant  are  data  on  the  total  environment  (the  conditions  prevailing  dur¬ 
ing  the  measurement).  (Reter  to  Measurement  Problems,  Volume  I.)  To  the  greatest 
degree  practical,  the  overall  monitoring  system  should  be  planned  with  these  environ¬ 
mental  Actors  In  mind.  The  following  paragraphs  therefore  will  discuss  transducers  for 
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environmental  sensing,  but  only  briefly,  since  such  transducers  properly  belong  In  the 
realm  of  physical  measurement,  which  Is  beyond  the  scope  of  this  handbook  on  physio¬ 
logical  measurement  and  monitoring, 

Two  other  types  of  transducers  are  considered  briefly  also:  those  used  for  voice 
communication  and  for  visual  observation  and  recording. 

I ,  Voice  Communication 

Often  It  Is  desirable  to  maintain  voice  communication  with  a  subject  tn  conjunc¬ 
tion  with  monitoring  his  physiological  reactions.  One  obvious  reason,  where  abnormal 
and  hostile  environments  are  involved,  Is  safety.  The  subject  has,  through  voice  com¬ 
munication,  a  means  of  signaling  his  desire  to  terminate,  tn  an  operation  that  may 
otherwise  be  out  of  his  control.  Further,  In  long-term  exposure  In  hostile  environments, 
voice  communication  may  be  vital  to  the  subject's  psychological  well-being. 

Voice  communication  also  Is  Important  as  a  source  of  useful  data.  It  makes  avail¬ 
able  for  correlation  with  measured  quantitative  data  (1)  an  oral  reoord  of  the  subject's 
operating  procedures,  and  (2)  a  report  of  his  subjective  observations . 

The  selection  of  a  suitable  mlorophone  for  voice  communication  Is  relatively 
simple.  Good  communications  can  be  obtained  wlthtn  an  audlb  bandpass  ranging  from 
200  to  3000  cycles  per  second.  These  frequencies  are  well  within  the  range  of  the  most 
rudimentary  microphones,  The  choice  of  microphone  then  hinges  on  two  factors:  back¬ 
ground  noise  and  location  on  (or  near)  the  subjeot.  If  the  environment  during  measure¬ 
ment  Includes  a  high  level  of  background  noise,  a  dtreottonal  or  contact  microphone 
(throat  or  chest)  may  be  required.  The  placing  of  the  mlorophone  on  the  sub|ect  will 
depend  on  whether  the  subject  Is  wearing  an  oxygen  mask,  or  whether  he  has  other  In¬ 
strumentation  attached  near  his  throat  and  chest  with  which  the  microphone  might 
Interfere. 

II,  Visual  Observation  and  Recording 

Visual  observation  of  the  subject,  as  a  backup  for  the  measurement  of  quantitative 
data,  provides  a  useful  record  of  the  circumstances  and  occurrences  pertinent  to  the 
collection  of  data.  Such  visual  records  may  be  obtained  continuously,  with  television 
or  motion  picture  cameras,  or  selectively,  with  either  of  these  or  with  still  cameras. 

If  a  visual  record  is  all  that  Is  necessary,  still  or  motion  picture  cameras  can  be 
used.  Remote  observation  of  the  measurement  while  It  Is  tn  progress  obviously  requires 
a  television  camera.  Operation  of  the  camera  and  the  recording  of  Its  transmitted  out¬ 
put  may  be  continuous  or  Intermittent,  as  desired. 

A  wide  range  of  cameras  Is  available,  including  numerous  comoact  Industrial  type 
television  cameras.  Ambient  light  In  the  measurement  scene  probably  would  have  to 
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be  supplemented  for  luceessful  observation:  a  flash  unit  with  tha  still  camera,  or  a 
iu  I  table  spot  or  flood  lamp  with  television  and  motion  picture  cameras  would  be  suit¬ 
able.  Photography  or  television  pickup  in  color  would  require  somewhat  higher  levels 
of  Illumination. 

III.  Related  Environmental  Monitoring 

The  environment  to  which  a  subject  I#  exposed  directly  afficts  his  physiological 
responses  and  condition.  Thus,  In  many  experiments,  meaningful  data  must  Include 
quantitative  environmental  Inputs.  Atmospheric  pressure  and  content  are  significant, 
as  Is  ambient  temperature.  Also  affecting  the  subject  are  factors  related  to  the  sub¬ 
ject's  movement  through  space  —  acceleration  and  velocity.  Ionizing  radiation  Isa 
hostile  environment  that  also  should  bi  monitored,  both  as  a  safety  factor  and  to  corre¬ 
late  long-term  exposure  with  body  responses. 

The  transducers  used  for  displacement,  pressure,  and  temperature  are  similar  to 
those  used  for  basic  physiological  monitoring;  the  major  difference  Is  the  measurement 
range.  The  following  paragraphs  discuss  briefly  the  monitoring  of  four  parameters  not 
previously  covered:  velocity,  acceleration,  atmospheric  content,  and  radiation.* 

A.  Velocity  transducers 

Most  effects  of  velocity  on  the  human  subject  are  negligible  when  compared 
tb  the  effects  of  change  of  velocity  (acceleration).  Under  special  conditions,  how¬ 
ever,  the  rate  at  which  various  support  equipments  operate,  such  as  the  speed  of  shafts, 
vents,  and  valves,  or  the  rate  at  which  certain  liquids  flow,  either  In  the  environment 
or  tn  a  cooling  system,  may  be  of  Interest. 

To  measure  velocity,  the  linear  motion  of  the  body  under  consideration  Is 
compared  to  some  other  fixed  or  moving  system,  and  the  result  Is  the  relative  velocity 
between  the  two  systems.  The  transducers  used  most  often  are  electromagnetic.  Linear 
velocity  transduction  Is  obtained  by  the  motion  of  a  permanent  magnet  relative  to  a 
coil  of  wire.  This  type  of  transducer  Is  used  only  for  comparatively  short-stroke  linear 
displacements  (0.5  to  5  Inches),  Sensitivity  Is  on  the  order  of  150  mil  1 1  volts/inch/ 
second.  Resolution  Is  Infinite,  as  the  device  is  continuous  In  operation.  It  requires  no 
external  power  source.  Accuracies  of  better  than  1  percent  are  available.  Analogous, 
transducing  devices  are  available  to  measure  the  angular  velocity  of  a  system.  In  this 
application,  the  transducer  Is  essentially  a  tachometer. 

A  flowmeter  system  of  detecting  the  velocity  of  a  fluid  also  uses  the  electro¬ 
magnetic  principle.  In  this  type  of  transducer,  the  fluid  Is  a  conductor  whose  velocity 
or  flow  rate  Is  of  Interest.  A  magnetic  field  Is  generated  at  right  angles  to  the  path  of 

*For  more  detailed  coverage,  see  references  24  and  34, 
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the  liquid  In  a  pip*  or  tubing,  and  motal  electrodes  Insulated  from  the  pipe  wall  pine* 
trati  the  wall .  The  voltage  Induced  between  the  electrodes  Is  proportional  to  the  fluid 
velocity  and  the  strength  of  the  magnetic  field, 

B.  Acceleration  Transducers 

Acceleration,  or  the  change  In  velocity  with  respect  to  time,  can  greatly 
affect  the  subject's  physiological  and  psychological  responses.  In  space  flight  appli¬ 
cations  particularly,  precautions  are  taken  to  guard  the  body  from  the  distressing  and 
destructive  g  forces  of  expected  accelerations. 

The  accelerometer  maybe  positioned  directly  on  the  subject  to  measure  the 
exact  acceleration  to  which  he  Is  being  subjected.  In  most  applications,  It  suffices  to 
have  the  transducer  In  the  same  general  area  of  the  subject. 

The  accelerometer  also  Is  used  to  measure  vibration  and  shock.  In  the  same 
manner  that  straight  accelerations  are  measured,  the  device  measures  the  periodic 
accelerations  due  to  vibratory  movements,  or  the  sudden  but  brief  accelerations  caused 
by  shock  situations. 

Acceleration  Is  measured  easily  because  of  the  Inertial  force  associated  with 
changes  In  velocity  (Newton's  first  and  second  taws  of  motion).  This  Inertial  force 
causes  a  known  mass  to  move  or  exert  a  force  on  a  calibrated  electrical  force  detector, 
providing  an  electrical  signal  proportional  to  the  acceleration.  The  force  detector 
may  be  a  piezoelectric  device,  a  differential  transformer,  a  strain  gage,  or  a  variable 
reluctance  sensor.  The  total  arrangement,  including  the  known  mass  and  the  force 
detecting  apparatus,  Is  called  the  accelerometer. 

Ranges  available  for  accelerometers  are  from  less  than  1  g  to  over  500  g.  (g 
Is  the  acceleration  equivalent  to  the  acceleration  produced  on  a  given  body  by  the 
force  due  to  gravity,  32.2  feet  per  second  per  second  at  sea  level.)  If  piezoelectric 
or  potentlometrlc  devices  with  composition  or  slide  wire  transducers  are  used,  Infinite 
resolution  is  provided  because  of  the  continuous  output.  Some  accelerometers  use  a 
wire-wound  resistor  to  provide  a  variable  resistance  output,  somewhat  limiting  the 
resolution. 

The  accelerometer  output  depends  on  the  type  of  transducer  used  Internally. 
Resistance  ranges  of  1000  ohms,  10, 000  ohms,  and  greater  are  available.  Some  de¬ 
vices  require  excitation  and  have  an  output  of  from  0  to  6  volts  dc  (used  for  telemeter¬ 
ing  purposes). 

C.  Transducers  for  Environmental  Gas  Analysis 

Environmental  gas  transducers  are  used  for  the  examination  of  oxygen  or  car¬ 
bon  dioxide  concentrations  In  closed  system  determinations.  The  oxygen  detector  may 
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be  used  for  a  hypoxia  warning  device.  The  effect  of  artificially  composed  atmospheres 
on  the  physiology  of  a  sub|ect  alio  may  be  of  some  interest,  and  the  various  gas  trans¬ 
ducers  provide  a  means  for  monitoring  this  parameter. 

One  of  these  devices,  used  for  carbon  dioxide  measurement,  is  shown  In 
figure  27.  The  two  Infrared  sources  are  modulated  by  the  chopper  fan.  One  beam 
passes  through  a  reference  cell  Into  the  detection  chamber,  while  the  other  goes 
thibbgh  a  sample  cell  before  entering  the  detection  chamber.  The  detection  chamber 
(composed  of  two-pressure-ttght  compartments  separated  by  a  diaphragm)  and  the 
sample  cell  are  both  filled  with  the  gas  under  Investigation.  More  light  Is  absorbed  by 
the  upper  chamber  and  sample  cell  than  by  the  lower  chamber  alone,  causing  lowor 
pressure  tn  the  upper  half  of  the  detection  chamber,  the  diaphragm  separating  the 
detection  chamber  reacts  to  the  pressure  differential  by  moving  toward  the  metal  plate 
suspended  In  the  chamber,  changing  the  electrical  characteristics  of  the  transducer 
output. 


leckman  Imlrumenli,  lne,(  Pnlo  Allc,  Calif* 


Figure  27.  Carbon  Dioxide  Gas  Analyzer 


The  response  time  of  this  device  Is  0.1  second  for  90  percent  Indication  of 
'the  final  output.  When  used  with  associated  control  equipment  a  sensitivity  of  as  low 
as  1  percent  C02  concentration  Is  available,  with  an  accuracy  of  0.03  percent. 

The  device  also  may  be  used  to  measure  concentrations  of  other  gases. 
Polarographlc  devices  also  are  available  for  environmental  oxygen  monitoring. 

D.  Radiation  Detectors 

If  there  Is  any  possibility  of  a  radiation  hazard  in  an  environment  where 
physiological  monitoring  Is  being  performed,  immediate  knowledge  of  Its  presence  and 
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degree  are  required,  because  radiation  is  a  parameter  that  does  not  immediately  react 
on  or  show  up  in  the  physiological  responses  of  the  sub|ect,  except  for  extremely  high 
doses. 


The  three  most  likely  types  of  radiation  that  may  be  encountered  are  alpha 
particles,  beta  particles,  and  gamma  rays.  Of  the  three,  the  gamma  radiation  usually 
Is  the  most  dangerous  because  of  its  higher  energy  and  greater  penetrating  power. 

The  types  of  radiation  detectors  adaptable  for  Instantaneous  readout  are  either 
the  sealed  electrode  type,  In  which  a  current  ts  produced  because  of  the  ionization  of 
a  gas  between  two  electrodes,  or  a  photosensitive  device  that  reacts  to  visible  radia¬ 
tion  produced  by  nuclear  radiation  in  certain  media. 

Gas-filled  detectors  are  of  three  varieties,  all  based  on  the  same  mechanical 
configuration.  The  main  differences  in  thetr  characteristics  are  the  pressure  of  the  gas 
enclosed  In  the  transducer  and  the  voltage  impressed  across  the  electrodes.  The  Ion¬ 
ization  chamber  detects  each  individual  ionization  event  produced  by  a  collected  par¬ 
ticle  or  ray  and  produces  a  very  small  current  In  direct  proportion  to  the  number  and 
strength  of  the  impressed  radiation  effect.  The  proportional  chamber  relies  on  an  lon- 
tzatton  multiplication  effect  to  produce  many  ionizations  from  each  one  detected, 
creating  a  larger  current  than  Is  available  from  the  Ionization  chamber,  for  a  given 
amount  of  radiation,  and  thus  requiring  less  amplification  to  drive  a  display  or  records 
tng  system.  When  the  electrode  voltage  is  great  enough,  the  gas  filled  detector  pro¬ 
duces  a  large  output  pulse  of  constant  amplitude  for  any  particle  detected,  Irrespective 
of  the  particle  energy.  In  this  operation,  the  tube  is  referred  to  as  a  Gelger-Muller 
counter  and  It  is  an  extremely  sensitive  particle  quantity  detector;  it  is  not  useful, 
however,  for  determining  the  nnergy  of  each  particle  detected.  The  time  required  for 
the  Gelger-Muller  counter  to  recover,  after  each  particle  detected,  Is  relatively  long 
compared  to  the  other  two  modes  of  operation  of  the  gas-filled  detector,  limiting  Its 
use  in  radiation  fields  where  particles  are  arriving  at  rates  faster  than  every  200  micro¬ 
seconds  . 


A  variation  of  the  gas-filled  detector  is  the  crystal  detector,  In  which  the 
electrodes  are  separated  by  a  crystal  such  as  silver  chloride,  zinc  sulphide,  diamond, 
cadmium  sulphide,  or  one  of  the  thallium  halides.  The  operation  of  the  crystal  de¬ 
tector  is  similar  to  the  gas-filled  device,  with  faster  counting  speeds  obtainable  be¬ 
cause  of  the  shorter  time  required  for  an  ionization  effect  to  travel  in  the  crystal 
lattice  than  in  the  molecular  structure  of  the  gas.  However,  crystal  detectors  become 
polarized  eventually,  requiring  replacement  after  long  exposures  to  radiation. 

Radiation  detectors  using  a  photo  effect  are  the  scintillation  counter  and  the 
Cerenkov  counter.  The  scintillation  counter  operates  on  the  principle  that  certain 
crystals  exhibit  fluorescent  properties  when  exposed  to  radiation.  Crystals  of  organic 
structure  (anthracene,  stllbene,  naphthalene),  inorganic  composure  (ZnS(Ag)),  or  arti¬ 
ficial  plastics  (polystyrene  or  polyvinyl  toluene  +3  percent  terphenyl  +0,02  percent 


OTHER  TRANSDUCER  CONSIDERATIONS 


tetraphenyl  butadiene)  are  cemented  to  the  face  of  a  photomultiplier  that  detects  the 
fluorescence  produced  and  generates  a  large  electrical  output  pulse  for  each  particle 
entrapped  in  the  crystal,  with  the  pulse  amplitude  proportional  to  the  energy  of  the 
particle. 


The  Cerenkov  counter  is  similar  In  construction  to  the  scintillation  counter, 
using  a  crystal  of  high  dielectric  constant  like  polystyrene  or  lucite  on  a  photomulti¬ 
plier  face.  This  material  emits  visible  light  when  a  high-velocity  charged  particle 
enters  its  confines. 
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GENERAL 

The  electrical  signal  produced  by  a  transducer  responding  to  a  physiological  proc¬ 
ess  In  the  body  generally  Is  not  in  a  form  suitable  for  display  or  Interpretation.  Usually 
the  signal  Is  not  only  weak,  containing  Insufficient  power  In  Itself  to  activate  meters 
or  recording  devices,  but  frequently  Is  accompanied  by  extraneous  Information  or  arti¬ 
facts,  detracting  from  or  masking  the  desired  Information.  Signal  modifiers,  such  as 
amplifiers,  differentiators,  Integrators,  and  filters,  are  used,  to  modify,  process,  and 
normalize  this  signal. 

The  location  of  a  signal  modifier  In  a  physiological  monitoring  system  depends 
largely  on  the  Individual  system.  Generally,  signal  modifiers  Immediately  follow  the 
transducer  and  precede  a  stage  of  transmission  or  recording. 

Signal  modifiers  are  manufactured  by  many  different  suppliers.  Each  supplier,  and 
Indeed  each  model  that  each  supplier  manufactures,  has  Its  own  specifications,  with 
differences  ranging  from  package  size  to  frequency  and  amplitude  capabilities.  By 
understanding  the  meaning  of  the  various  modifier  specifications,  the  proper  equipment 
can  be  obtained  or,  if  necessary,  constructed  so  that  the  desired  physiological  function 
is  monitored  successfully. 

AMPLIFIERS 

I.  General 

The  basic  function  of  an  amplifier  is  to  Increase  the  voltage,  current,  or  power 
(work-performing  capability)  of  an  electrical  signal .  The  electrical  signals  represent¬ 
ing  most  biological  phenomena  generally  are  very  small,  whether  obtained  by  elec¬ 
trodes  or  transducers.  Amplifiers  Increase  these  electrical  signals  so  that  more  varied 
and  dependable  recorders  can  be  used,  and  biological  signals  can  be  transmitted  over 
long  distances.  This  simplifies  the  pioblem  of  accumulating  time  correlated  data. 

Power  amplification  is  achieved  by  using  the  original  small  biological  signal  to 
control  the  flow  of  power  in  a  secondary  circuit,  with  the  secondary  power  source 
independent  of  the  input  signal.  Sometimes  other  modification  processes,  such  as  fil¬ 
tering  or  limiting,  are  performed  simultaneously  with  amplification.  These  other  func¬ 
tions,  however,  are  considered  separately  In  the  following  text  as  independent  actions 


56 


SIGNAL  MODIFIERS 


If  a  signal  decreases  In  power  output  by  one  half,  the  corresponding  decrease  In  power 
ratio  Is  about  3  db .  Thus  for  every  3-db  loss  In  a  system,  the  power  content  of  the 
signal  Is  halved. 

B.  Frequency  Response 

The  amplitude  versus  frequency  response  of  an  amplifier  Is  the  measure  of  Its 
capabilities  to  provide  the  tame  gain,  no  matter  what  the  frequency  of  the  Input  drlv- 
Ing  signal.  Physiological  signals  frequently  require  amplifiers  having  responses  from 
0.01  to  5000  cycles  per  second.  Generally, the  frequency  limits  necessary  for  monitor¬ 
ing  physiological  phenomena  are  not  demanding,  and  neither  vacuum  tubes  nor  transis¬ 
tors  create  any  amplitude  or  phase  frequency-response  problems. 

The  phase  relationships  between  the  Input  and  output  signal  may  change  with 
frequency.  Phase  shift  problems  do  not  occur  at  low  frequencies,  In  simple  direct- 
coupled  amplifiers.  However,  In  reslstance-capacltance-coupled  amplifiers,  phase 
shift  Is  Inherent.  A  complete  specification  of  the  phase  characteristics  of  an  amplifier 
usually  Includes  the  entire  frequency  band  under  consideration.  At  the  midrange  fre¬ 
quencies,  usually  little  phase  shift  Is  encountered,  or  If  phase  shift  does  occur,  It  Is 
constant  throughout  this  region .  At  the  low  and  high  ends  of  the  band,  however,  the 
phase  relationship  between  the  Input  and  output  signals  of  an  a-c  amplifier  may  change 
rapidly  with  frequency  variation.  Figure  28  Is  a  plot  of  the  phase-frequency  charac¬ 
teristics  of  a  typical  audio  range  amplifier. 

Phase  shift  occurs  In  every  stage  of  amplification  where  reactive  components 
are  used.  Effects  are  generally  additive,  Increasing  with  the  number  of  stages.  In 


Figure  28.  Phase  Versus  Frequency  Characteristic  of  an  Amplifier 
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amplifier  designs  employing  feedback,  certain  combinations  of  phase  and  gain  can  lead 
to  oscillation  and  complete  blocking  of  usual  amplifying  functions. 

If  the  phas#  shift  characteristic  becomas  significant  and  threatens  tha  usabil¬ 
ity  of  tha  ampllflad  signal,  special  corrective  phase -shifting  networks  may  be  Included 
In  the  amplifier  to  compensate  for  the  shift  In  the  regions  of  Interest. 

C.  Impedance  (Input and  Output) 

The  Input  Impedance  Is  the  ratio  of  the  voltage  applied  to  the  Input  to  the 
current  drawn.  In  most  measurement  applications,  It  Is  desirable  to  have  the  Input 
Impedance  of  the  first  stage  of  amplification  as  high  as  possible.  In  this  way,  a  voltage 
Impressed  across  the  input  stage  draws  very  little  current  from  the  source  transducer; 
consequently,  little  power  Is  required  of  the  source  Itself. 

Output  Impedance  may  be  defined  as  the  ratio  of  amplifier  open-circuit  out¬ 
put  voltage  with  respect  to  short-circuit  output  current,  In  most  applications,  if  maxi¬ 
mum  power  transfer  Is  not  a  consideration,  low  output  Impedance  Is  generally  favored; 
Impedance  In  the  following  stages  Is  less  a  problem  and  better  uniform  response  of  the 
amplifier  Is  maintained  for  varying  frequencies. 

If  additional  circuit  Impedances  are  placed  in  series  with  the  Input  and  output 
leads  of  the  various  amplifier  configurations,  these  additional  Impedances  must  be  con¬ 
sidered  as  adding  to  the  Inherent  Impedance  of  the  stage, 

D.  Drift  and  Stability 

For  an  amplifier  to  be  of  value  as  a  calibrated  measuring  Instrument,  It  must 
be  stable  In  Its  operation,  with  reproducible  results  for  identical  measurements.  In  d-c 
amplifiers  lack  of  long-term  baseline  steadiness  Is  termed  drift,  l.e.,  a  slow  change  In 
output  without  a  corresponding  change  In  Input,  Drift  generally  arises  In  the  early 
stages  of  an  amplifier  from  (1)  changes  tn  supply  voltages  and  (2)  changes  In  the  char¬ 
acteristics  of  the  circuit  elements  with  temperature  or  time.  These  latter  changes  occur 
primarily  In  active  elements  such  as  vacuum  tubes  or  transistors,  with  temperature- 
sensitive  resistors  a  secondary  source  of  Instability, 

The  effects  of  drift  arising  from  power  supply  variations  may  be  combatted  in 
two  ways.  The  most  direct  way  Is  to  stabilize  the  d-c  supply  voltage.  However,  when 
a  power  supply  is  not  to  vary  more  than  a  microvolt  for  a  supply  voltage  of  300  volts 
dc,  better  than  a  millionth  of  a  percent  regulation  of  the  power  supply  would  be  re¬ 
quired,  a  rather  stringent  and  unrealistic  requirement.  A  more  practical  method  of 
achieving  stabilization  is  to  Isolate  each  stage  of  amplification;  by  using  a  resistor- 
capacitor  network  for  Interstage  coupling,  steady  potentials  are  not  passed,  and  slight 
shifts  In  the  bias  supply  are  not  transmitted  and  amplified.  However,  the  low  frequency 
or  d-c  response  of  the  amplifier  must  be  sacrificed  to  obtain  this  stability,  and  the 
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limitations  in  amplitude  frequency  response,  and  phase  frequency  response  must  be 
recognized  and  accepted. 

Drift  arising  from  changes  In  circuit  element  characteristics  is  minimized  by 
(1)  care  in  selection  of  components  for  stability,  (2)  compensating  circuitry,  and  (3) 
mechanical  design  or  arrangement  for  minimizing  temperature  changes  in  the  critical 
elements. 

Another  type  of  instability  which  may  be  encountered  is  due  to  undesired 
interstage  couplings,  Most  commonly  the  source  of  the  undeslred  coupling  is  the  power 
supply,  This  type  of  instability  Is  evidenced  by  oscillations  that  are  of  very  low  fre¬ 
quency  (motorboating)  or  more  rarely  very  high  (ringing) .  Unlesi  these  unstable  condi¬ 
tions  are  detected  and  removed,  the  oscillatory  waveform  mixes  with  or  overwhelms  the 
actual  biological  signal  and  produces  an  erroneous  and  probably  useless  output, 

E ,  Hum  and  Noise 

Hum  and  noise  are  extraneous  signals  which  are  superimposed  upon  the  bio¬ 
logical  signal  in  the  amplifier.  Hum  usually  ts  generated  as  Inductive  or  capacitive 
pickup  of  the  power-line  frequencies.  It  also  may  enter  the  signal  path  as  a-c  compo¬ 
nents  in  the  output  of  the  amplifier  power  supply.  All  other  extraneous  signals  are 
considered  to  be  noise . 

Noise  maybe  generated  from  nearby  Ignition, motor,  or  transmitting  equipment 
and  radiated  or  conducted  Into  the  biological  measuring  system.  In  addition,  noise  Is 
produced  by  the  action  of  electron  flow  In  vacuum  tubes  (shot  noise),  resistors  (thermal 
noise),  and  transistors. 

The  usual  measure  of  noise  In  on  amplifier  is  the  stgnal-to-nolse  ratio,  ex¬ 
pressed  in  decibels.  In  this  calculation,  the  noise  output  of  the  amplifier  is  figured  as 
the  power  output  of  the  amplifier  without  signal  Input  divided  by  the  maximum  power 
output  capability  of  an  amplifier,  and  is  expressed  in  db  as  a  ratio.  This  is  a  noise 
figure , 

Because  the  input  stages  of  an  amplifier  chain  operate  at  lower  signal  levels, 
most  of  the  noise  picked  up  In  an  amplifier  can  be  traced  to  the  Input  stages,  To  min¬ 
imize  the  input  nolso,  the  Input  tubes  and  transistors  are  carefully  shielded,  as  Is  the 
Input  cable  to  them.  If  a  vacuum  tube  Is  the  Input  stage,  the  filament  often  Is  ener¬ 
gized  with  dc  rather  than  ac  to  minimize  hum  pickup.  Amplifiers  operating  with  very 
small  signals  sometimes  use  battery  supplies  for  both  filament  and  plate  potentials  to 
eliminate  any  hum  Interference  from  power  lines. 

F.  Transient  Blocking 

When  stages  of  amplification  are  coupled  by  resistance-capacitance  circuits, 
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a  brief  signal  or  noise  pulse  in  the  input,  having  a  higher  than  normal  signal  amplitude, 
can  "paralyze"  the  amplifier  temporarily,  In  some  physiological  amplifier*  with  an 
extended  low-frequency  response  this  blocking  may  last  for  many  seconds.  The  time 
required  to  recover  normal  conditions  after  application  of  a  specified  surge  type  signal 
is  called  the  recovery  time.  This  recovery  time  may  be  ten  times  as  long  as  the  time 
constant  of  the  coupling' circuit. 

.  ,  :  I 

G .  Common  Mode  Rejection 

Common  mode  rejection  Is  the  ability  of  a  differential  amplifier  to  ignore  a 
signal  that  Is  present  simultaneously  at' both  Input  terminals  of  the  amplifier  .The  meas¬ 
ure  of  this  ability  usually  Is  expressed  In.  decibels,  comparing  the  amplitude  of  the 
common  signal  (undesired)  at  the  amplifier  output  to  the  difference  signal  (desired)  at 
the  output.  Thu*  a  common  mode  rejection  figure  of  60  db  means  that  the  desired  dif¬ 
ferential  signal  Is  1000  times  as  great  ps  the  common  mode  signal  at  the  output  of  the 
differential  amplifier  (60  db  “  20  log  1000), 

The  major  drawback  of  a  single-ended  Input  amplifier  In  physiological  work 
Is  the  lack  of  common  mode  rejection.  NoltP  picked  up  In  common  mode  sources  Is 
Indistinguishable  from  the  desired  physiological  signal  and  Is  amplified  along  with  the 
desired  signal .  (Refer  to  the  dlscussloh  of  differential  amplifiers  on  page  71.) 

H.  Linearity 

An  amplifier  operates  linearly  If  the  output  signal  Is  exactly  proportional  to 
the  Input  signal  according  to  a  ratio  which  Is  the  gain  of  the  amplifier.  For  truly 
linear  operation,  the  output-input  relationship  must  hold  for  all  levels  and  for  all  fre¬ 
quencies.  The  deviation  from  this  ideal  Is  one  measure  of  the  linearity  of  the  device. 

Nonlinearity  generally  Is  caused  by  Improper  operation  of  vacuum  tubes  and 
transistors.  Under  some  circumstances  It  Is  Introduced  In  transformers  or  other  ferro¬ 
magnetic  devices.  Nonlinear  distortion  produced  upon  sinusoidal  signals  Is  termed 
harmonic  distortion.  Tha  quantity  of  harmonic  frequencies  produced  Is  another  measure 
of  linearity. 

Negative  feedback,  and  push-pull  and  differential  amplifier  configurations 
are  frequently  used  to  minimize  nonlinearity. 

I.  Power  Output 

Next  to  gain  probably  the  most  Important  overall  characteristic  of  an  ampli¬ 
fying  system  Is  Its  capability  to  deliver  signal  power  to  an  external  load.  This  factor 
Is  most  commonly  expressed  as  a  figure  In  watts  at  a  frequency  within  the  working 
range  that  can  be  supplied  to  a  resistive  load  without  exceeding  some  definite  distor¬ 
tion  figure.  For  Instance,  10  watts  at  400  eps  not  exceeding  2  percent  total  harmonic 
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distortion  would  be  typical  for  an  audio-frequency  amplifier.  Because  of  the  diffi¬ 
culties  encountered  In  measuring  harmonic  distortion  at  frequencies  below  60  cps,  the 
output  capability  of  physlologloal  amplifiers  Is  sometimes  defined  as  peak-to-peok 
current  or  voltage  delivered  to  a  resistive  load  without  departing  more  than  1  percent 
from  linearity. 

J .  Dynamic  Range 

Dynamic  range  describes  the  capability  of  an  amplifier  to  handle  a  range  of 
signal  amplitudes  or  power.  For  large  signals,  the  range  Is  limited  by  linearity  consid¬ 
erations,  t.e.,  signal  distortions.  For  small  signals,  the  range  Is  limited  by  noise  and 
stability  factors.  The  ratio  of  the  maximum  to  the  minimum  signal  that  the  system  will 
handle  (while  maintaining  stated  conditions  of  signal  Integrity  or  accuracy)  is  the 
dynamic  range.  Dynamic  range  may  be  expressed  as  a  ratio  or  In  db.  It  Is  always  less 
than  the  signal -to-nolse  ratio. 

Ill,  Classification 

A.  The  Stage  Concept 

The  key  components  In  the  amplification  process  are  the  active  circuit  ele¬ 
ments,  such  as  vacuum  tubes  and  transistors.  Combined  with  the  necessary  passive 
elements,  one  or  more  of  these  active  elements  constitutes  a  stage  of  amplification.  As 
noted  before,  the  amplification  process  Is  the  utilization  of  a  small  signal  to  control  a 
greater  amount  of  power,  voltage,  or  current  In  a  secondary  circuit.  The  secondary 
power  source  may  be  an  electrical  battery  or  other  energy  source,  generally  termed  the 
power  supply. 


1 .  Active  Elements 

The  active  element  In  a  stage  of  amplification  may  be  any  of  several 
control  devices,  although  vacuum  tubes  and  transistors  are  used  primarily  In  physio¬ 
logical  monitoring .  Linearity  of  amplification  depends  on  the  degree  of  accuracy  with 
which  the  variations  In  the  output  follow  the  signal  variation  to  the  Input  of  the  de¬ 
vice.  Vacuum  tubes  and  transistors  essentially  are  nonlinear  devices;  however,  each 
has  a  quasl-llnear  region,  within  which  they  may  be  used.  The  active  elements  have 
little  effect  on  frequency  characteristics  In  the  range  of  physiological  Interest,  but 
they  are  the  principal  sources  of  nonlinear  distortion,  overloading,  and  noise. 

a.  Vacuum  Tubes 

The  vacuum  tube  Is  composed  of  two  or  more  elements  (electrodes) 
sealed  Inside  an  evacuated  glass  (sometimes  ceramic  or  metallic)  envelope.  A  two  > 
element  tube,  the  diode,  can  only  rectify,  changing  an  a-c  signal  to  d-c,  without  any 
amplification.  The  two  elements  are  the  anode  (or  plate)  and  the  cathode.  Some 
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means  of  heating  the  cathode  must  be  included  within  the  envelope,  and,  In  some 
cases,  the  cathode  Is  the  filament  which  Is  heated  directly,  from  an  external  source  of 
electrical  power.  In  other  cases,  a  separate  heating  element  Is  used,  called  a  heater. 

The  Introduction  of  a  third  element,  the  grid,  placed  between  the 
cathode  and  anode,  allows  the  vacuum  tube  to  amplify  by  controlling  the  energy  In  the 
secondary  circuit  by  means  of  the  grid  voltage.  The  three-element  tube,  the  triode,  Is 
used  frequently  In  both  Initial  and  Intermediate  stages  of  amplification.  Other  vacuum 
tube  configurations  Include  the  tetrode  (two  grids),  the  pentode  (three  grids),  and  even 
a  five-grid  array  (pentagrid) .  Each  of  these  types  has  characteristics  somewhat  differ¬ 
ent  from  the  basic  triode., 

b.  Transistors 

The  transistor  Is  a  solid-stage  device  consisting  of  three  segments  of 
semiconducting  material,  arranged  to  provide  two  [unctions.  The  material  is  either  n 
type,  abundant  In  free  electrons,  or  p  type,  lacking  In  free  electrons.  The  transistor  Is 
arranged  in  p-n-p  or  n-p-n  arrays,  forming  two  p-n  [unctions.  Through  a  solid-state 
mechanism  of  charge  neutralization,  the  current  through  one  [unction  controls  the  cur¬ 
rent  through  the  secondary  circuit  of  the  device,  which  Is  In  series  with  Its  other  [unc¬ 
tion.  Current  amplification  of  a  significant' magnitude,  above  25,  can  be  obtained. 

The  transistor,  like  the  vacuum  tube,  may  be  connected  In  different 
configurations,  depending  on  whether  voltage  or  current  gain  is  desired.  Both  vacuum 
tube  and  transistor  amplifiers  are  now  being  used  In  physiological  monitoring  systems, 
although  transistors  are  becoming  Increasingly  popular  and  replacing  tubes  In  most 
applications.  Generally,  In  an  airborne  monitoring  package,  the  advantages  of  tran¬ 
sistors  necessitate  their  use,  whereas  In  a  ground  Installation,  where  size  and  weight 
are  not  major  considerations,  either  type  of  amplifier  may  be  used, 

c.  Circuit  Configurations 

Circuit  configurations  as  noted  in  figure  29  are  classified  according 
to  the  element  which  Is  chosen  as  the  common  element  of  the  amplifier,  t.e.,  the 
element  which  Is  shared  by  the  input  and  output  circuits.  The  criteria  for  selecting 
certain  configurations  are  much  the  same  for  both  vaeuum  tubes  and  transistors,  al¬ 
though  the  actual  values  of  the  various  associated  parameters  may  differ.  Whenever 
maximum  voltage  and/or  power  gain  Is  needed,  the  common  (grounded)  cathode  or 
emitter  configuration  Is  generally  employed.  The  common  plate  or  collector  (cathode 
or  emitter  follower)  configuration  Is  employed  when  high  Input  Impedance,  low  output 
Impedance  or  high  current  gain  is  desired.  The  grounded  grid  vacuum  tube  circuit  Is 
employed  whenever  a  high  degree  of  shielding  Is  needed  between  the  Input  and  output 
circuits,  such  as  In  very-high-frequency  amplifiers. 
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a  voltage  gain  of  more  than  60  compared  to  an  easily  obtained  100  from  a  vacuum 
tube . 


(3)  Limited  high-frequency  response.  Certain  types  of  transistors 
are  operable  In  the  hundreds  of  megacycles  while  vacuum  tubes  are  obtainable  for  use 
In  the  kllomegacycle  band  or  higher. 


(4)  Critical  temperature  dependence.  A  transistor  must  be  protected 
against  the  effects  of  high  temperature,  both  ambient  or  Internally  generated.  The  lat¬ 
ter  type  can  cause  "thermal  runaway"  when  voltage  bias  Is  used,  resulting  In  destruction 
of  the  transistor.  Competent  circuit  design  using  compensating  diodes  and  thermistors 
can  surmount  this  difficulty  and  allow  operation  at  temperatures  of  150°F. 


The  principal  transistor  shortcoming  Is  a  lower  voltage  gain  obtain¬ 
able  from  the  single  active  device,  generally  requiring  additional  stages  of  amplifica¬ 
tion  to  obtain  a  specified  voltage  gain.  Internally  generated  noise  In  some  transistors 
gives  trouble  at  low  signal  levels,  but  this  appears  to  be  a  manufacturing  process  con¬ 
trol  problem.  Most  of  the  other  limitations  are  not  serious  considerations  in  physio¬ 
logical  work. 


2.  Passive  Elements 


The  passive  elements  of  an  amplifier  stage  are  the  basic  building  blocks 
of  electronic  circuitry  and  act  to  modify  and  oontrol  the  operation  of  the  active 
devices.  There  are  three  basic  elements,  the  resistor,  the  capacitor,  and  the  Inductor; 
all  three  are  shown  schematically  In  figure  30,  These  passive  elements  are  basically 
linear  devices;  l.e.,  current  through  the  devices  is  proportional  to  the  voltage  across 
the  passive  element,  without  any  higher  order  terms  entering  Into  the  relationship. 
Thus  the  relationship  between  voltage  and  current  through  a  resistor,  the  simplest  of 
the  passive  elements,  Is  simply 


T-  «  R  (Ohm's  Law) 


This  Is  Ohm's  Law,  where  E  Is  the  voltage,  I  is  the  current  In  amperes,  and  R  Is  the 
resistance  in  ohms. 


Resistance 


Resistors  are  composed  of  either  a  carbon  or  film  mixture  with  care¬ 
fully  controlled  resistance  and  temperature  characteristics,  or  they  are  made  of  long 
pieces  of  resistance  wire  wound  about  a  form.  The  wire-wound  resistor  generally  Is 
used  to  handle  high  currents.  Resistors  range  In  value  from  ohms  to  megohms  (millions 
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Figure  30.  Schematic  Representation  of  Passive  Circuit  Components 

Because  of  tha  ilmpla  relationship  between  currant  and  voltage,  tha 
pura  railttor  li  not  fraquaney  dependent.  A  value  of  resistance  R  li  ganarally  tha  iama 
for  d-c  voltages  or  for  a-e  voltaga*.  However,  changai  In  raititanea  affaot  tha  re- 
iponia  of  fraquaney -dapandant  devices,  such  a*  capacitor*  and  Inductor*. 

Raditor*  oftan  ara  uiad  In  an  amplifier  to  fix  tha  oparatlng  point*  of 
tha  actlva  davlca*  (biasing).  Raarranglng  Ohm1*  Law, 

E  -  R  I 

It  I*  obvious  that  If  a  currant  flow*  through  a  resistor,  a  voltaga  drop  Is  produced  across 
It.  This  characteristic  can  be  used  to  ad|ust  the  various  electrode  voltages  to  the 
desired  operating  point.  In  addition,  the  resistance  can  reduce  the  voltaga  of  a  power 
supply  to  the  desired  value  by  means  of  a  voltage  drop  across  the  resistor.  In  addition, 
the  resistance  can  reduce  the  voltaga  of  a  power  supply  to  the  desired  value  by  means 
of  a  voltaga  drop  across  the  resistor. 

The  resistor  also  limits  current  flow,  preventing  an  active  element  of 
very  low  Internal  Impedance  from  drawing  a  destructive  amount  of  current  from  a 
power  source.  The  output  of  a  voltage  amplifier  stage  Is  taken  across  the  load  resistor, 
because  the  tube  or  transistor  controls  the  current  passing  through  the  resistor  and  thus 
controls  the  voltage  drop  appearing  across  the  resistor. 

b.  Inductance 

An  Inductor  (sometlmas  called  a  choke)  Is  an  element  across  which 
the  voltage  drop  Is  proportional  to  the  rate  of  change  of  the  current  through  the  ele¬ 
ment.  Therefore,  fora  direct-current  flow  through  the  Inductor,  there  Is  no  voltage 
drop  (zero  Impedance)  (this  Is  true  only  for  an  Ideal  choke,  one  that  has  no  Internet 
resistance) .  As  the  frequency  of  the  current  through  the  element  Increases,  the  Imped¬ 
ance  (which  may  be  thought  of  as  the  resistance  to  an  a-c  current)  Increases  linearly. 
The  actual  Impedance  an  Inductance  offers  to  the  current  may  be  computed  from  the 
formula) 
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ZL  =  2nf  L 

where  Z|_  Is  the  impedance  in  ohms,  f  is  the  frequency  in  cps,  and  L  is  the  inductance 
in  henries.  An  Inductor  Is  basically  a  coil  of  wire  and  the  value  of  the  Inductance  is 
a  function  of  the  geometry,  primarily  the  number  of  turns  and  the  core  material  about 
which  the  turns  are  wound.  Generally,  air  core  inductors  have  low  inductance  values, 
whereas  inductors  having  ferromagnetic  cores  may  have  a  high  Inductance  value.  In¬ 
ductors  may  be  either  solenoldal  or  torroldal  In  shape. 

Sinee  the  impedance  of  an  tnductor  Increases  with  Increasing  fre¬ 
quency,  it  may  be  used  in  conjunction  with  resistances  to  form  a  simple  fiiter.  When 
placed  In  series  with  the  signal  path,  it  acts  as  a  low-pass  filter.  When  shunted  across 
this  path,  It  acts  as  a  high-pass  filter.  When  used  In  conjunction  with  the  proper  com¬ 
plementary  capacitors,  rather  than  resistors,  filters  may  be  designed  having  controlled 
attenuation  characteristics. 

Inductors  are  rated  according  to  their  inductance  value,  current 
carrying  capability,  and  d-c  resistance. 

c.  Capacitance 

A  capacitor  has  a  current-voltage  relationship  which  is  the  inverse 
of  that  of  the  tnductor.  The  current  through  a  capacitor  is  proportional  to  the  rate  of 
change  of  voltage  across  It.  As  the  voltage  variation  (frequency)  increases,  the  imped¬ 
ance  of  the  capacitor  decreases.  Expressed  mathematically, 

7  -  1 

c  2itfC 

where  Z  =  Impedance  in  ohms, 

f  =  cps,  and 
C  -  capacity  in  farads. 

The  capacitor  Is  constructed  of  two  conductors,  often  pieces  of  metal 
foil,  separated  by  a  dielectric  material.  The  dielectric  may  be  paper,  ceramic,  or 
mica  (used  for  very  high  voltage  applications).  In  electrolytic  capacitors,  thin  films 
of  dielectric  material  are  deposited  directly  upon  the  conducting  foil  by  a  liquid 
electrolyte. 


Capacitors  are  rated  according  to  their  capacity  (expressed  in  micro¬ 
farads  or  picofarads),  and  their  maximum  voltage.  Electroly  tic  capacitors  generally  are 
polarized,  with  the  rated  capacitance  obtained  only  if  the  proper  polority  is  observed. 

Because  of  its  voltage-current  relationship,  the  capacitor  acts  as  a 
high-pass  filter  in  series  with  the  signal  line  and  as  a  low-pass  filter  (high-pass  shunt) 
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whan  connected  across  a  ilgnal  transmission  path.  Because  capacitors  do  not  pass  dc, 
they  are  used  to  isolata  on*  stag*  of  amplification  from  the  next,  allowing  only  the 
signal  variation  (ac)  to  bo  passed  to  the  succaadlng  stage. 

B.  Classes  of  Stages 

The  main  function  of  a  signal  modifier  Is  to  Improve  the  signal  characteristic 
so  that  the  signal  Is  more  useful  for  display  and  analysis.  The  usual  task  of  the  ampli¬ 
fier  Is  to  obtain  voltage,  current,  or  power  gain.  The  Inherent  characteristics  of  the 
active  elements  of  the  amplifier  stages  limit  the  power  gain  obtainable  for  each  stage. 
The  total  power  gain  desired  Is  obtained  by  using  successive  stages,  one  amplifying  the 
output  of  a  previouf  stage .  The  load  for  one  stage,  which  may  be  the  following  Input 
stage  or  a  display  device  or  transmitter,  defines  the  requirements  for  one  class  of  am¬ 
plifier.  Input  considerations  or  the  character  of  the  signal  source  may  be  the  factor  of 
Importance,  dictating  another  type  of  amplifier  class. 

1 .  Power  Stage 

The  power  stage  Is  used  when  the  function  of  the  stage  Is  to  supply 
appreciable  power  to  a  load  having  essentially  resistive  characteristics.  This  stage 
would  be  used  to  energise  an  Indicator  or  oscillograph  pen  directly,  or  to  modulate  the 
output  stage  of  a  telemetry  transmitter. 

Power  stages  are  classified  according  to  the  configuration  and  number  of 
active  elements  used.  The  requirements  of  the  powor  stage  are  dictated  by  the  amount 
of  power  required,  the  accuracy  of  amplification  desired,  and  the  type  of  load  being 
driven  by  the  stage.  The  single-ended  stage  Is  the  most  basic  configuration.  A  push- 
pull  connection  provides  more  gain  and  fidelity,  The  parallel  stage, or  the  cathode  or 
emitter  follower  stage  Is  used  when  high  power  requirements  or  low-lmpedanee  loads 
are  associated  with  the  power  stage. 

a.  Single -Ended  Stage 

In  the  single-ended  configuration,  the  Input  signal  Is  referred  to 
ground  and  the  input  stage  of  the  amplifier  responds  to  all  signals  at  the  Input  terminal 
with  respect  to  the  common  ground  point.  The  basic  amplifier  configurations  in  figure 
29  are  single-ended  connections. 

b.  Push-Pull  or  Balanced  Stage 

For  high-power,  low-distortion  output  requirements,  the  push-pull 
amplifier  configuration  (shown  in  figure  31)  is  used  for  the  output  stage.  Two  tubes 
share  a  common  power  supply  and  common  output  transformer.  The  inputs  to  the  con¬ 
trol  grids  of  each  of  the  two  tubes  are  exactly  180°  out  of  phase,  so  that  the  current  In 
one  tube  is  increasing  as  the  other  Is  decreasing,  which  is  the  reason  for  the  term  push- 


Figure  31.  Push-Pull  Amplifier  Driven  by  a  Phase  Splitting  Stage 


pull.  Since  the  flux  produced  by  the  two  currents  is  being  added  in  the  transformer 
core,  any  even  harmonics  of  the  fundamental  frequencies  that  are  present  in  the  input 
signal  are  cancelled,  reducing  harmonic  distortion  greatly. 

The  out-of-phase  input  signal  to  the  grids  of  the  push-pull  tubes 
may  be  supplied  by  a  phase -splitting  amplifier  stage,  as  shown  In  figure  31,  or  by  a 
transformer  with  the  secondary  center  tap  connected  to  ground. 

The  push-pull  amplifier  is  less  sensitive  to  variations  In  the  power 
supply.  A  greater  percentage  of  ripple  may  be  tolerated  without  being  reproduced  in 
the  stage  output. 


c.  Parallel  Stage 

If  considerable  output  power  Is  required,  paralleling  of  stages  is 
permissible  to  effectively  double  the  power.  Figure  32  illustrates  a  parallel  stage  of 
two  triode  vacuum  tubes.  For  still  more  power,  a  push-pull  parallel  combination  may 
be  used,  both  increasing  the  output  power  and  gaining  the  advantages  of  push-puli 
operation. 


d .  Current  Stage 


The  current  output  stage  (a  special  power  amplifier)  is  used  when  the 
current  through  a  load  having  un  appreciable  reactance  must  be  proportional  to  input 
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voltage  over  a  wide  frequency  range.  For  example,  this  stage  would  be  used  for  driv¬ 
ing  a  magnetic  recording  head  or  deflecting  a  galvanometer  Indicating  Instrument. 
This  stage,  with  a  high  ratio  of  driving  Impedance  to  load  Impedance,  uses  an  active 
element  like  a  pentode,  which  has  an  extremely  high  Internal  Impedance. 


E  OUTPUT 


e.  Cathode  or  Emitter  Follower  Stage 


When  another  device,  such  as  a  meter,  recorder  amplifier,  or  telem¬ 
etry  amplifier  or  oscillator,  Is  the  amplifier  load,  a  low-impedance,  few-volt-level 
signal  usually  Is  desired  to  minimize  high-frequency  losses  and  loading  by  cable  or 
following  equipment.  A  grounded  plate  (cathode  follower)  or  grounded  collector 
(emitter  follower)  connection  of  a  tube  or  transistor  satisfies  these  requirements.  A 
linear  output  Is  achieved  over  a  very  wide  frequency  band.  No  voltage  gain  Is  pres¬ 
ent,  but  there  Is  current  gain. 


2.  Voltage  Stage 

When  the  physiological  signal  is  too  weak  todrlve  a  power  stage  directly, 
voltage  stages  of  amplification  are  used  to  Increase  the  signal  level.  In  special  cases, 
they  are  employed  as  input,  front-end  amplifiers.  Usually,  however,  they  follow  an 
Input  differential  amplifier  stage.  The  first  and  third  pair  of  tube  and  transistor  con¬ 
figurations  In  figure  29  are  voltage  amplifiers. 

The  input  to  a  secondary  or  tertiary  voltage  stage  is  not  as  critical  In 
design  as  the  Input  to  a  flmt  stage  of  amplification.  When  It  reaches  the  higher  level 
stage,  the  signal  has  already  been  amplified  and  any  common  mode  noise  has  been 
rejected  (If  a  differential  amplifier  was  used),  For  these  reasons,  the  voltage  stage 
may  be  of  single-ended  input  and  output  desipn. 


AMPLIFIERS 


If  the  previous  stage  Is  a  carrier  amplifier,  the  voltage  stages  are  tuned 
amplifiers;  the  coupling  between  each  stago  consists  of  a  resonant  circuit  tuned  for  the 
carrier  frequency.  In  this  way,  any  extraneous  noise  that  manages  to  be  Interposed 
upon  the  modulated  carrier  signal  Is  refected  by  the  tuned  coupling  network.  A  tuned, 
voltage  stage  amplifier  can  have  very  high  gain  with  little  noise  or  instability. 

3.  Difference  or  Differential  Voltage  Stages 

In  physiological  monitoring,  the  differential  amplifier  Is  probably  the 
most  important  and  most  used  class  of  amplifier.  When  the  biological  signal  source  Is 
the  Input  to  the  amplifier,  the  characteristics  of  the  source  must  not  be  disturbed  by  the 
act  of  measuring.  In  monitoring  situations  where  more  than  one  signal  Is  originating 
from  a  single  area  of  the  biological  subject,  Interactions  between  the  amplifiers  asso¬ 
ciated  with  each  signal  may  be  encountered.  This  is  especially  true  If  the  amplifiers 
have  all  of  their  inputs  referenced  to  a  common  ground,  as  Is  the  case  with  single- 
ended  Input  amplifiers.  Current  may  flow  between  amplifier  Inputs,  and  these  currents 
may  produce  voltages  which  can  change  or  mask  the  true  physiological  signals.  The 
differential  amplifier  Input  stage  allows  each  signal  to  be  measured  Independently, 
because  no  common  ground  connection  Is  made  between  each  amplifier  Input  stage, 
maintaining  the  Integrity  of  each  signal  measurement. 

The  differential  amplifier  is  characterized  by  two  independent  Input  ter¬ 
minals,  each  referenced  to  a  common  terminal,  usually  amplifier  ground.  While  the 
Inputs  are  connected  to  two  separate  Input  electrodes,  the  outputs  of  the  two  stages  are 
connected  with  a  common  resistor.  The  output  of  the  differential  stage  Is  the  differ¬ 
ence  between  the  Inputs. 

The  output  of  the  differential  amplifier  stage  also  may  be  a  balanced 
type;  t.e.,  two  outputs  that  are  not  referenced  to  ground,  but  are  referenced  to  each 
other.  In  many  Instances,  however,  It  Is  desirable  to  transfer  the  difference  signal  from 
a  balanced  type  of  differential  stage  to  a  single-ended  or  grounded  stage,  so  that  the 
output  may  be  amplified  further  by  slngle^nded  voltage  stages.  The  advantage  of  the 
differential  stage,  the  common  mode  refection  characteristic,  must  be  retained  In  this 
transfer,  which  may  be  difficult  to  achieve.  Figure  33  illustrates  two  circuits,  using 
tubes  and  transistors,  that  are  used  to  accomplish  the  transfer  from  a  balanced  to  a 
single-ended  configuration.  The  latter  circuit  permit*  the  adjustment  of  the  common 
mode  refection  of  the  stage  to  maximize  this  parameter,  and  adjusts  for  variations  In 
active  and  passive  components  due  to  manufacturing  variations  and  changes  due  to 
aging. 


C.  Interstage  Coupling  and  Stage  Termination 

The  methods  used  to  interconnect  the  Individual  stages  of  amplification  can 
determine  the  frequency  response  of  the  amplifier.  Although  the  Individual  stages  have 
no  frequency  limitations  In  the  range  of  physiological  signals,  the  Interstage  coupling 
may  be  a  problem. 
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1.  Direct  Coupling 

Direct  coupling  of  stages  (lee  figure  34)  will  give  frequency  response 
down  to  zero  frequency  or  dc.  The  use  of  direct  coupling,  however,  Introduces  prob¬ 
lems,  especially  when  high  gain  Is  necessary  In  the  early  stages.  Direct  coupling 
usually  requires  cumbersome  and  expensive  power  supplies,  particularly  with  vacuum- 
tube  amplifiers,  and  a  common  source  of  drift  and  Instability  Is  the  power  supply.  The 
effects  of  drift  and  Instability  are  amplified  by  succeeding  stages,  causing  these  extra¬ 
neous  signals  to  be  indistinguishable  from  the  biological  signal. 

2.  Capacitive  Coupling 

A  capacitor  Is  the  component  used  most  commonly  to  couple  amplifier 
stages.  The  capacitor  blocks  the  flow  of  dc,  eliminating  drift  effects  from  the  power 
supply,  and  permits  the  use  of  simple  battery  and  rectifier  power  supplies.  The  capaci¬ 
tor  Is  a  frequency-dependent  Impedance  component,  with  the  Impedance  varying 
Inversely  with  the  frequency  of  the  applied  signal.  Consequently,  the  capacltlvely 
coupled  amplifier  cannot  be  used  for  amplifying  d-c  or  very-low-frequency  signals. 

Advances  In  capacitor  technology,  especially  In  the  fabrication  of  tan¬ 
talum  capacitors  that  allow  large  capacitances  in  tubular  configurations  small  enough 
to  be  used  In  the  miniaturized  physiological  amplifiers,  have  lowered  the  frequency 
limit  to  0.2cycle  per  second.  At  high  frequencies, the  capacitor  Impedance  approaches 
that  of  a  short  circuit,  and  the  response  of  the  coupling  networks  presents  no  limitations 
In  the  use  of  this  technique.  However,  If  the  size  of  the  coupling  capacitor  Is  increased 
to  extend  the  low-frequency  range,  trouble  may  be  experienced  with  blocking  effects 
after  voltage  pulses  (see  page  ),  Figure  34  illustrates  the  basic  capacitive-coupling 
configuration . 

3.  Inductive  or  Transformer  Coupling 

A  transformer  Is  used  to  couple  two  stages  of  amplification  in  special 
cases  where  limited  frequency  bandwidth  is  desired  or  where  impedance  matching  Is  of 
prime  Importance.  Figure  34  illustrates  how  the  transformer  Is  used  to  couple  stages. 
The  number  of  windings  In  the  primary  and  secondary  of  the  transformer  is  determined 
by  the  Impedance  of  the  primary  and  secondary  circuits.  The  ratio  of  the  Impedances  Is 
proportional  to  the  square  of  the  ratio  of  number  of  turns  In  the  primary  and  secondary 
(If  there  are  200  windings  In  the  primary  and  400  in  the  secondary,  the  ratio  Is  2:1  and 
the  Impedance  ratio  Is  4:1). 

For  a  transformer  to  pass  very  low  frequencies  (below  10  cycles  per  sec¬ 
ond),  the  core  Is  necessarily  large  and  the  construction  rather  expensive  and  heavy. 
For  this  reason,  transformer  coupling  Is  seldom  used  In  physiological  work,  where  so 
many  signals  of  Interest  are  below  one  cycle  per  second. 
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VACUUM  TUBE  AMPLIFIER  TRANSISTOR  AMPLIFIER 

DIFFERENTIAL  INPUT  -  GROUNDED  OUTPUT  DIFFERENTIAL  INPUT  -  GROUNDED  OUTPUT 

(HIGH  COMMON  MODE  REJECTION) 


Figure  33.  Differential  Amplifier 


DIRECT  COUPLING 


COUPLING 


CAPACITOR  COUPLING 


TRANSFORMER  COUPLING 
Figure  34.  Interstage  Coupling 
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At  r-f  frequencies,  transformer  coupling  is  used  extensively  because  size 
and  weight  are  not  a  problem,  since  air  core  transformers  instead  of  iron  core  trans¬ 
formers  may  be  used;  It  Is  possible  to  construct  a  tuned  circuit  most  responsive  to  the 
band  of  frequencies  under  consideration;  and  transformer  coupling  provides  a  conveni¬ 
ent  method' of  splitting  a  signal  Into  In-phase  and  reverse-phase  components  for  push- 
pull  input  and  output  stages. 

D.  Special  Systems 

t:.  ;  .u 

Special  coupling  techniques  are  used  when  capacitive  coupling  does  hot  pro-  ■  ' 
vide  a  low-frequency  response  of  sufficient  range  in  a  monitoring  system  amplifier  and  1 
drift  considerations  preclude  direct  coupling.  The  most  common  approach  Involves  the  < 
use  of  a  modulaied  carrier.  In  this  technique  the  actual  d-c  signal  from  the  Input  > 
terminals  is  used  to  modulate  or  control  the  amplitude  of  an  a-c  signal  that  the  ampli¬ 
fier  stages  can  amplify  with  complete  fidelity.  The  original  signal  Is  then  recovered  j; 
by  demodulation.  ■  .  ‘ 

1.  Chopper  Amplifiers 

. . '•  ■  >  '  i . '  •. 

The  chopper  amplifier  converts  the  low-frequency  or  d-c  Input  signal 
into  an  a-o  signal  (chopping  effect),  amplifies  the  a-c  signal  to1  the  desired  level,  and  '■> 
converts  the  a-c  signal  to  Its  Original  low-frequency  or  d-e  form.  The  d-c  signal 
resulting  from  the  conversion  must  be  proportional  In  magnitude  to  the  d-c  or  low- 
frequency  signal  being  measured  (see  figure  35). 

Electromechanical  choppers  convert  the  dc  to  ac  at  the  input  stage. 
Basically,  electromechanical  choppers  are  miniature  relays  designed  to  open  and  close 
a  set  of  contacts  with  each  alternation  of  an  applied  a-c  supply  voltage .  The  chopper 
can  be  connected  between  the  Input  grid  of  the  a-o  amplifier  and  ground,  and  each 
time  the  chopper  contacts  close,  the  Input  signal  Is  reduced  from  Its  d-c  value  to  zero. 
The  result  Is  a  pulsating  d-c  signal  with  an  amplitude  proportional  to  the  applied  d-c 
signal.  By  using  resistance-capacitance  (RC)  coupling  In  the  amplifying  stages,  the 
pulsating  d-c  signal  appears  in  the  output  as  an  amplified  a-c  signal .  The  amplifica¬ 
tion  is  simple  and  stable. 


D-C  INPUT  PULSED  DC  AMPLIFIED  AC  AMPLIFIED  DC 


Figure  35.  Chopper  Amplifier 
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After  amplification  to  the  desired  level  in  the  intermediate  stages,  the 
a-e  signal  Is  fed  to  the  demodulator  where  It  Is  rectified  and  smoothed.  It  then  appears 
at  the  output  stage  as  an  amplified  version  of  the  original  low-frequency  or  d-c  Input 
signal . 

Available  chopper  amplifiers  are  capable  of  supplying  drift-free  opera¬ 
tion  with  input  signals  as  low  as  1  millivolt.  The  amount  of  distortion  caused  by 
nonlinear  circuit  operation  In  these  amplifiers  is  less  than  1  percent. 

Electromechanical  choppers  are  unsuitable  for  use  In  extreme  environ¬ 
mental  conditions,  especially  those  of  acceleration  and  shock.  Typical  troubles  are 
contact  chattering,  armature  hold  from  direct  acceleration  effects,  and  mechanical 
warpage  and  breakage.  A  solid-state  chopper,  which  essentially  Is  an  electronic 
switch,  provides  the  same  function  as  the  electromechanical  device!  switching  the 
amplifier  input  between  the  measured  d-c  level  and  ground.  Their  stability  under 
acceleration  and  shoek  makes  them  usable  for  airborne  and  centrifuge  chamber  Instru¬ 
mentation,  However,  problems  may  be  encountered  under  variable  temperatures. 

2.  Carrier  Amplifiers 

The  principle  of  operation  of  a  regular  carrier  amplifier  Is  similar  to  that 
of  a  chopper-type  amplifier.  Carrier  amplifiers  do  not  amplify  the  physiological  signal 
at  Its  original  frequency,  but  Instead  amplify  a  higher  frequency  carrier  signal  whose 
amplitude  has  been  varied  In  proportion  to  the  Input  signal.  A  block  diagram  of  a 
basic  carrier  amplifier  Is  shown  In  figure  36.  The  low-frequency  physiological  Input 
signal  modulates  the  amplitude  of  a  carrier  signal  produced  by  the  carrier  frequency 
oscillator  at  the  Input  stage.  The  Input  to  the  a-c  amplifier,  therefore,  Is  a  signal  at 
the  frequency  of  the  oscillator,  but  with  an  amplitude  which  varies  directly  with  the 
amplitude  of  the  low-frequency  Input  signal.  This  type  of  signal  Is  referred  to  as  a 
modulated  carrier.  After  the  modulated  carrier  Is  amplified  In  the  Input  and  interme¬ 
diate  stages,  It  Is  fed,  along  with  a  reference  signal  from  the  carrier  frequency  oscilla¬ 
tor,  to  a  phase-sensitive  demodulator.  The  output  of  the  demodulator  Is  an  amplified 
reproduction  of  the  low-frequency  Input.  Carrier  amplifiers  are  characterized  by 
extremely  low  drift,  and  freedom  from  transient  blocking  effects. 

3.  Bridge  Amplifiers 

When  the  transducer  in  a  physiological  monitoring  system  Is  a  variable 
resistance,  Inductance,  or  capacitance  device,  a  bridge  circuit  usually  Is  used  because 
It  Increases  sensitivity,  provides  temperature  compensation,  and  minimizes  the  effects 
of  signal  leads.  In  a  strain  gage  application,  the  strain  gage  Is  connected  as  one  leg 
of  a  bridge.  The  bridge  amplifier  chassis  usually  contains  a  power  supply  (for  bridge 
excitation),  three  legs  of  the  bridge,  and  an  a-c  or  d-c  amplifier  to  boost  the  small 
variation  In  the  bridge  output  to  a  usable  level . 
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LOW-FREQUENCY 

INPUT 


MODULATED 

CARRIER 


AMPLIFIED 

OARR'ER 


AMPLIFIED 

LOW-FREQUENCY 

OUTPUT 


Figure  36.  Carrier  Amplifier 


Figure  37  Illustrates  a  Wheatstone  Bridge  configuration  used  for  relief— 
ance  determinations.  For  a  variable  Inductance  or  capacitance  transducer,  a  reactive 
bridge  Is  used.  Figure  37  shows  a  Wien  Bridge  used  for  a  variable  capacitance  trans¬ 
ducer  system  and  a  Maxwell  Bridge  used  for  variable  Inductance  transducers.  For  both 
these  bridges,  a-c  excitation  must  be  used. 


Figure  37.  Bridge  Configurations 
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Whan  a-c  excitation  It  uiad  for  a  bridge,  tha  amplifier  may  ba  consld- 
arad  to  baa  carrier  amplifier,  with  the  carrier  frequency  the  excitation  frequency. 
Thus  the  d-c  retponte  of  the  amplifier  It  not  Important.  The  most  Important  criterion 
when  choosing  the  excitation  frequency  It  that  tha  carrier  (excitation)  frequency  be 
much  higher  than  the  highest  frequency  present  In  the  phenomena  being  measured  by 
the  resistance,  capacitance,  or  Inductance  transducer.  Ten  times  the  highest  harmonic 
frequency  of  tha  modulating  signal  usually  Is  sufficient  to  ensure  that,  when  the  carrier 
frequency  Is  removed  from  the  signal  In  the  demodulator-filter  circuits,  no  Information 
from  the  modulating  signal  Is  lost. 

The  output  of  the  amplifier  may  be  In  the  form  of  an  amplified  a-c,  d-c, 
or  modulated  carrier  waveform.  The  demodulation  circuit  often  1s  Included  within  the 
amplifier  package,  however,  producing  an  Integrated  circuit  requiring  an  Input  trans¬ 
ducer  and  power  source,  and  supplying  the  d-c  output  at  a  replica  of  the  Input. 

For  versatility,  some  bridge  amplifiers  have  provisions  for  disconnecting 
the  Internal  bridge  arms,  providing  an  a-c  amplifier  without  a  bridge  Input,  which  can 
ba  used  with  a  differential  transformer  transducer  for  monitoring  purposes. 

4.  Ionization  Tube  Signal  Modifier 

A  unique  signal  modifier  that  can  be  considered  a  combination  carrier 
amplifier  and  demodulator  system  it  shown  in  figure  38.  Although  this  unit  cannot  be 


Figure  38.  Ionization  Tube  Signal  Modifier 
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classified  at  an  amplifier  (no  voltage  or  current  It  amplified),  functionally  this  appears 
the  logical  place  to  discuss  It,  since  It  Is  the  Initial  signal  modifier  following  the 
transducer. 


The  heart  of  this  signal  modifier  Is  the  Ionization  tube  (ref.  23),  which  Is 
a  small,  partially  evacuated  glass  vessel  containing  an  Inert  gas  (usually  neon)  at  about 
15  mm  of  mercury  pressure.  The  tube  has  two  plates  positioned  external  to  the  glass 
envelope  and  two  electrodes  tnslde  the  envelope  are  In  direct  contact  with  the  Inert 
gas.  When  an  r-f  generator  Is  connected  to  the  external  plates,  the  gas  Is  Ionized  by 
the  resultant  field.  This  signal  modifier  it  used  with  a  variable  capacitance  trans¬ 
ducer.  The  variable  capacitor,  connected  across  the  electrodes,  controls  the  potential 
across  the  electrodes  resulting  from  the  electric  field,  and  the  output  voltage  It  propor¬ 
tional  to  the  transducer  variation. 

The  d-c  voltage  variation  at  the  electrode  terminals  Is  as  high  as  several 
volts  per  picofarad  of  variation  of  the  transducer,  and  does  not  require  stages  of  volt¬ 
age  amplification  for  eventual  analysis  or  recording. 

OTHER  SIGNAL  MODIFIERS 

The  Information  contained  in  the  output  signal  of  a  physiological  transducer  may 
not  be  In  a  form  that  Is  adaptable  to  analysts,  and  therefore  must  be  processed  by  mod¬ 
ifiers  before  significant  data  are  available  to  the  experimenter.  Modifiers  also  are 
used  when  more  than  one  category  of  Information  Is  obtained  from  the  same  basic  sig¬ 
nal.  A  singular  example  of  this  situation  Is  the  output  signal  obtained  from  a  chest 
expansion  transducer.  By  Integrating  this  signal,  a  measure  of  Inspired  air  volume  Is 
obtainable;  by  a  series  of  more  complex  operations  on  the  signal,  a  respiration  rate  Is 
obtained  as  noted  In  figure  45.  The  more  commonly  used  modifiers  are  described 
below. 

I .  Attenuators 

An  attenuator  is  an  arrangement  of  components  (usually  passive),  that  performs  a 
function  opposite  to  that  of  an  amplifier.  An  attenuator  decreases  the  signal  amplitude 
or  power.  It  Is  used  primarily  In  physiological  measuring  systems  to  compensate  for 
variations  tn  biological  signal  levels  obtained  from  different  subjects  or  different 
conditions.  Amplifier  stages  are  constructed  with  components  having  fixed  values. 
Therefore,  amplification  factors  are  fixed,  and  only  by  deleting  an  entire  stage  of 
amplification  can  the  gain  be  decreased.  To  avoid  this  cumbersome  method  of  adjust¬ 
ing  gain,  attenuators  of  fixed  or  variable  values  are  Inserted  either  at  the  Input  stage 
or  between  stages,  controlling  the  overall  gain  of  the  amplifier. 

In  physiological  work,  attenuators  generally  are  used  only  In  voltage  stages  and  ,(n 
comparatively  simple  circuit  arrangements,  using  resistors  as  the  passive  components. 
Attenuators  also  may  be  used  as  balancing  elements  In  balanced  or  differential  ampll- 
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fieri.  In  very-high-frequency  range*  (greater  than  one  megacycle),  attenuatori  may 
be  composed  of  critical  arrangement*  of  capacitive  or  Inductive  component*.  Uilng 
tranimlulon  line*  to  Interconnect  element*  of  a  monitoring  system  require*  special 
Impedance  matching  technique*,  and  attenuator*  are  used  In  this  application. 

Most  simple  attenuator*  are  voltage  divider*  (see  figure  39).  The  Input  voltage  to 
the  device  I*  applied  to  the  two  resistors  In  *erie»,  while  the  output  Is  taken  across  the 
lower  reiiitor.  Depending  upon  the  relative  magnitude*  of  the  two  resistor*,  the  volt¬ 
age  divider  attenuator  may  provide  any  percentage  of  the  input  voltage.  By  using  a 
variable  resistor, a*  shown  In  figure  39, variable  attenuation  or  gain  control  Is  possible. 


i 

i 


VARIABLE  L  PAD  i  VARIABLE  T  PAD 

i 

Figure  39.  Attenuators 

Two  slightly  more  complex  attenuators,  shown  In  figure  39,  are  used  when  constant 
Input  and  output  Impedance  considerations  are  Important.  The  variable  L  pad  and  T 
pad,  so  called  because  of  the  shape  of  the  resistor  configuration,  depend  on  ganged  or 
linked  resistors  whose  values  all  change  simultaneously  upon  rotation  of  a  single  shaft. 
The  L  pad  provides  a  constant  Impedance  to  the  Input  circuit,  but  allows  variation  In 
the  output  circuit  Impedance.  The  T  pad,  however,  maintains  constant  input  and  output 
circuit  Impedances  for  all  settings  of  the  attenuator  control. 

II.  Modulators 

Modulation  is  the  Introduction  of  Information  Into  a  reference  signal  by  changing 
some  parameter  of  the  reference  signal .  Two  types  of  reference  signals  are  used:  one 
is  called^' continuous  carrier  signal  and  the  other  a  pulse  train.  The  continuous  carrier 
Is  used  more  often,  but  the  pulse  train  Is  making  Inroads  Into  this  preference. 
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The  types  of  modulation  used  with  a  carrier  ilgnal  art  omplttudo  modulation,  fre¬ 
quency  modulation,  and  phase  modulation.  Amplitude  modulation  Is  the  easiest  to 
produce  and  detect,  but  It  has  some  severe  limitations.  (Figure  40  shows  the  amplitude 
modulation  of  both  d-c  and  a-c  Input  signals.)  The  amplitude  of  the  carrier  varies  In 
proportion  to  the  amplitude  of  the  modulating  signal;  the  rate  of  change  Is  proportional 
to  the  frequency  of  the  modulating  signal.  The  carrier  frequency  must  be  appreciably 
higher  than  the  highest  frequency  contained  in  the  modulating  signal .  One  basic  limi¬ 
tation  In  the  amplitude-modulated  system  Is  that  any  extraneous  noise  produced  by 
nearby  electrical  disturbances  Is  superimposed  upon  the  desired  signal  and  detected 
with  the  modulating  signal .  Amplitude  modulation  techniques  that  conserve  the  aver¬ 
age  power  needed  to  produce  the  modulated  signal  Include  suppressed  carrier,  single 
sideband,  and  vestigial  sideband  modulation. 


Figure  40.  Amplitude  and  Frequency  Modulation  Waveforms 

In  frequency-modulated  systems,  the  frequency  of  the  carrier  signal  deviates  from 
Its  nominal  center  frequency  by  an  amount  directly  proportional  to  the  amplitude  of 
the  modulating  signal .  The  rate  at  which  the  deviation  occurs  Is  dependent  on  the 
frequency  components  of  the  modulating  signal .  (Figure  40  shows  the  frequency  modu¬ 
lation  of  a  carrier  signal .)  In  this  system  any  variation  In  the  amplitude  of  the  carrier 
has  no  significance,  since  all  Information  is  contained  entirely  in  the  frequency 
change.  Frequency  modulation  techniques  hinge  about  the  variation  of  a  reactance 
magnitude  with  the  modulating  signal.  The  variable  reactance  then  becomes  the 
frequency-determining  element  of  the  oscillator  generating  the  carrier  frequency. 
Consequently,  the  carrlor  frequency  varies  with  the  modulator  signal  amplitude. 
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In  phase -modulation  systems,  the  relative  phase  of  the  carrier  signal  varies  In  pro¬ 
portion  to  the  amplitude  of  the  modulating  signal .  This  type  of  signal  Is  detected  with 
essentially  the  same  types  of  circuits  that  are  used  In  frequency  modulation.  Phase 
modulation  also  depends  on  the  variation  of  a  reactance  with  the  modulating  signal. 
However,  the  reactance  is  part  of  a  phase -shifting  network  that  varies  the  relative 
phase  of  the  carrter  frequency  output. 

There  are  three  types  of  modulation  used  with  a  pulse  train:  pulse-amplitude  mod¬ 
ulation,  pulse-position  modulation,  and  pulse-duration  modulation.  Illustrations  of 
these  pulse-m<*''jlatlon  techniques  are  shown  in  figure  41 .  Pulse -amplitude  modulation 
(PAM)  varies  the  height  of  a  pulse  in  proportion  to  the  amplitude  of  the  modulating 
signal.  Pulse-position  modulation  (PPM)  varies  the  time  position  of  a  pulse  relative  to 
a  reference  pulse  In  a  pulse  train,  the  duration  of  the  intervening  time  period  being 
proportional  to  the  amplitude  of  the  modulating  signal.  Pulse-duration  modulation 
(PDM)  also  called  pulse-width  modulation  (PWM),  refers  to  the  varying  of  the  duration 
of  the  pulses  in  proportion  to  the  modulating  signal. 
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Figure  41 .  Pulse  Modulation  Waveforms 
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III.  Demodulators 


To  extract  information  contained  in  a  modulated  signal  waveform,  a  type  of  signal 
modifier  called  a  demodulator  is  used.  This  device  is  necessary  because  the  signal  that 
Is  transmitted  by  either  wire  or  radio  often  contains  not  only  an  intelligence  signal, 
but  also  signal  components  that  are  not  related  to  the  desired  information.  A  carrier 
type  of  transmission  is  common,  and  the  carrier  signal  component  (a  high-frequency 
signal)  is  not  used  in  data  analysis  and  recording.  The  demodulator  removes  the  un¬ 
wanted  carrier  signal  and  extracts  the  Information. 

The  degree  of  complexity  of  demodulation  circuitry  depends  on  the  type  of  modu¬ 
lation  used.  An  amplitude-modulated  signal  is  demodulated  rather  simply.  The  car¬ 
rier  frequency  is  removed  and  the  signal  intelligence  is  made  available  by  a  simple 
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rectifier  circuit;  as  shown  in  figure  42.  The  input  is  the  modulated  carrier  frequency 
and  the  output  it  a  d-c  signal  Identical  with  the  modulating  waveform. 

If  frequency  modulation  Is  used  In  the  monitoring  system,  the  demodulator  must 
develop  a  d-c  voltage  proportional  to  the  frequency  shift  of  the  carrier  frequency  In 
order  to  duplicate  the  original  modulating  signal.  Two  circuits  are  In  general  use  for 
this  function:  the  ratio  detector  and  the  phase  discriminator.  Figure  42  illustrates 
these  two  circuits. 


FREQUENCY  MODULATION  FREQUENCY  MODULATION 

PHASE  DISCRIMINATOR  RATIO  DETECTOR 


Figure  42.  Demodulator  Circuits 

The  ratio  detector  is  relatively  insensitive  to  variations  in  signal  amplitude,  as 
contrasted  to  the  phase  discriminator  whose  output  is  directly  affected  by  signal  mag¬ 
nitude.  The  phase  discriminator  therefore  must  be  preceded  by  a  limiting  stage  for 
proper  operation  in  a  frequency-modulated  detection  system. 

In  the  ratio  detector,  the  output  is  derived  from  the  bridge  arrangement  formed  by 
the  two  capacitors  and  two  resistors.  The  sum  of  the  two  voltages  is  held  relatively 
constant  by  the  large  capacitor  connected  across  the  rectified  output, providing  a  large 
degree  of  immunity  to  rapid  amplitude  variations. 

The  phase  discriminator  diodes  are  connected  to  provide  a  difference  voltage  out¬ 
put  proportional  to  changes  In  signal  frequency.  For  an  Increase  in  frequency,  a  posi¬ 
tive  d-c  voltage  is  obtained,  while  for  a  decrease  in  frequency,  a  negative  signal  Is 
produced.  If  no  frequency  shift  is  present,  the  difference  is  zero  (as  desired). 
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Figure  43.  Differentiator  Circuit! 
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IV.  Differentiator! 


Differentiation  ii  the  deriving  of  the  rate  of  change  of  a  quantity  with  reipect  to 
a  change  In  another  quantity  on  which  tt  is  dependent.  An  example  of  thli  Is  the  rate 
of  change  of  a  voltage  In  a  circuit  with  reipect  to  time.  A  circuit  that  produce!  an 
almoit  Ideal  differentiated  output  ii  ihown  In  figure  43(A).  It  conilits  of  an  Input 
capacitor/  an  operational  amplifier/  and  a  feedback  reititor.  An  operational  amplifier 
Ii  one  that  Ii  directly  coupled/  hai  very  high  gain  (about  1/000/000)/  hai  a  very  high 
input  Impedance  and  invert!  the  Input  180°.  By  connecting  the  capacitor  and  reslitor 
ai  shown,  the  output  will  be  the  derivative  (the  differentiated  signal).  Figure  44  shows 
the  outputs  of  this  ideal  differentiating  circuit  for  various  Inputs. 


A  simpler  circuit  for  obtaining  the  derivative  of  an  electrical  signal,  although  it 
does  not  produce  as  Ideal  a  response.  Is  shown  In  figure  43(B).  This  circuit  produces 
the  derivative  because  the  current  through  a  capacitor  is  proportional  to  the  derivative 
of  the  voltage  across  It.  Since  the  resistor  has  the  same  current  as  the  capacitor  pass¬ 
ing  through  It  and  the  voltage  across  the  resistor  is  directly  proportional  to  the  current 
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Figure  44.  Differentiated  Waveforms 
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through  it,  th«  voltage  across  the  resistor  is  the  differentiated  (approximately)  response 
of  the  input  voltage. 

Differentiated  signals  are  used  mainly  when  the  rate  of  change  of  a  physiological 
signal  Is  of  Interest,  or  when  it  Is  desired  to  eliminate  slow  drifts.  Figure  45  Indicates 
another  application  In  which  Input  signals  received  from  a  chest  expansion  transducer 
are  converted  into  a  series  of  pulses  whose  number  per  unit  time  it  the  rate  of  respi¬ 
ration. 
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Figure  45.  Respiration  Rate  System  Block  Diagram 


V.  Integrators 

An  integrator  is  a  circuit  whose  output  It  the  algebraic  sum  of  tnput  function 
variations  with  respect  to  time .  Figure  46  shows  a  few  examples  of  the  ideal  Integra¬ 
tion  of  various  tnput  signals.  An  operational  amplifier,  with  external  components 
connected  as  shown  in  figure  47(A),  it  a  circuit  that  provides  almost  ideal  Integration. 
A  simpler  though  not  as  accurate  method  of  Integrating  a  signal  is  illustrated  In  figure 
47(B).  The  voltage  across  a  capacttor  is  proportional  to  the  integral  of  the  current 
flowing  to  It. 


INTEQRATED 
OUTPUT 
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Figure  46,  Integrated  Waveforms 
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Integrating  circuits  are  highly  useful  for  converting  a  signal  composed  of  pulses 
representing  the  occurrence  of  phenomena  (e.g.,  respiration  excursions)  Into  a  d-c 
output  signal  whose  magnitude  is  proportional  to  the  frequency  of  the  Input  pulses. 
Therefore,  In  the  circuit  of  figure  48,  after  a  time  sufficient  for  the  capacitor  to  charge 
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Figure  47.  Integrator  Circuit* 
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to  It*  Initial  level/  the  output  level  amplitude  may  be  obierved  on  a  meter  that  I*  cali¬ 
brated  directly  In  respiration*  per  minute. 


VI.  Filter  Network* 

Filter*  are  combinations  of  passive  elements  (resistance  Inductance  capacitors) 
arranged  so  as  to  provide  desired  frequency  characteristics  In  circuit*/  to  remove  un¬ 
wanted  frequency  components,  to  Isolate  portions  of  clroults  from  others,  and  to  create 
self-generating  networks  (oscillators).  Filters  usually  are  classified  as  low  pass,  high 
pass,  band  pass,  and  band  stop.  Figure  49  shows  examples  of  four  types  In  constant  K 
and  series  m-derlved  configurations.  (Constant  K  and  series  m-derlved  refer  to  ana¬ 
lytic  design  techniques  used  to  obtain  filter  networks  of  desired  frequency  characteris¬ 
tics.)  The  filters  derived  using  the  constant  K  method  do  not  provide  as  sharp  a  cutoff 
at  tho  critical  frequencies,  but  the  attenuation  continues  to  Increase  with  frequency, 
The  m-derlved  filter  has  sharper  cutoff  characteristics,  but  the  attenuation  then  de¬ 
creases  somewhat, 

Besides  Introducing  attenuation,  filters  also  may  produce  phase  shift.  Sometimes 
they  are  used  to  correct  unwanted  phase  shift  caused  In  transmission  and  amplification, 
and  also  In  oscillator  design.  Figure  50  shows  a  resistive-capacitive  phase-shift  oscil¬ 
lator,  The  three  filter  sections  each  shift  the  phase  of  the  signal  by  60°.  The  output 
of  the  filter  section  therefore  Is  180°  out  of  phase  with  respect  to  the  output  of  the 


Figure  48.  Respiration  Rate  Indicator  Circuit 
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VII.  Limiters 

A  limiting  circuit  prevents  the  amplitude  of  the  output  signal  from  increasing 
beyond  a  preset  amplitude.  This  type  of  circuit,  therefore, essentially  Introduces  a  non¬ 
linear  response  in  a  system:  below  the  limiting  amplitude,  the  circuit  output  maybe 
linear  with  respect  to  the  input,  but  voltage  peaks  above  the  cutoff  point  are  removed. 

A  limiting  circuit  Is  extremely  useful  in  frequency-modulated  systems.  Since  the 
Information  In  frequency-modulated  systems  Is  contained  In  the  frequency  shifts  of  the 
signal,  the  relative  amplitude  of  the  signal  Is  unimportant,  at  long  as  it  Is  great  enough 
to  drive  the  detector  portion  of  the  system  adequately.  One  or  more  stages  of  ampli¬ 
tude  limiting  precede  the  detector  or  demodulator  stage,  especially  If  the  detector  Is  a 
phase  discriminator.  Figure  51  shows  a  typical  limiter  stage  In  a  frequency-modulated 
system.  The  circuit  operates  on  the  principle  of  an  oversaturated  pentode  amplifier. 
The  biasing  on  the  tube  Is  so  arranged  that  the  lowost  expected  signal  amplitude  output 
from  the  Intermediate-frequency  stage  drives  the  tube  Into  saturation.  The  resistive- 
capacitive  network  In  the  grid  input  of  the  limiter  stage  tends  to  maintain  the  voltage 
to  the  grid  at  a  constant  value,  so  fluctuations  and  sharp  spikes  In  ’he  Input  signal 
Input  do  not  affect  the  output  of  the  limiter. 


Simple  diode  limiting  also  may  be  used,  since  a  Jiode  does  not  conduct  If  the 
cathode  is  positive  with  respect  to  the  anode;  therefore,  positive  peak  clipping,  nega¬ 
tive  peak  clipping,  or  positive  and  negative  peak  clipping  are  possible  by  biasing  the 
diodes  and  connecting  them  In  different  configurations,  as  shown  In  figure  52.  If  Zener 
diodes  are  used  In  this  application,  as  shown  In  the  lower  right  limiter  In  figure  52, 
bias  voltages  are  unnecessary. 

VIII .  Pulse  Generators 

It  often  Is  desired  to  produce  a  pulsed  voltage  waveform  for  timing  references, 
amplitude  calibration  upolleatlons,  and  coincidence  gating  techniques.  Pulses  are 
generated  repetitively,  as  Is  the  case  for  a  multivibrator  or  oscillator,  or  they  are  gen¬ 
erated  singly,  as  they  would  be  from  trigger  signals. 
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A  pulse  generator  that  produces  a  constant  pulse  train  output  is  usually  some  form 
of  a  relaxation  oscillator.  A  relaxation  osctllator  can  be  as  simple  as  a  £low  discharge 
tube  circuit  or  a  free-running  multivibrator, as  shown  in  figure  53.  The  circuit  selected 
would  depend  on  the  type  of  output  desired  and  the  type  of  components  available.  In 
all  cases,  however,  the  basic  timing  of  the  waveform  generated  is  determined  by  a 
resistor-capacitor  combination.  If  the  output  pulse  is  not  precisely  what  is  desired, 
appropriate  differentiating  and  integrating  circuits  can  shape  the  waveform  to  the 
desired  characteristic. 
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Figure  52.  Diode  Limiters 
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Figure  53.  Relaxation  Oscillators 
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A  simple  case  of  the  generation  of  single  pulses  was  discussed  under  differentia¬ 
tion,  where  the  trigger  for  the  pulse  was  the  respiration  signal  and  the  pulse  was  formed 
from  the  respiration  signal  itself. 

IX.  Triggering  Circuits 

Triggering  circuits  produce  output  signals  upon  the  receipt  of  an  Input  trigger  sig¬ 
nal.  The  output  signal  may  start  Immediately  upon  the  arrival  of  the  input  or  It  may  be 
delayed  a  specified  time.  The  output  waveform  is  determined  by  the  type  of  trigger 
circuit,  and  it  may  hava  a  constant  amplitude,  constant  pulse  duration,  or  other  speci¬ 
fied  characteristics.  For  example,  the  Schmitt  trigger  produces  a  constant  amplitude 
pulse  for  the  period  that  the  input  signal  exceeds  a  specified  value;  therefore,  the 
circuit  can  be  used  in  counting  circuits,  Integrating  circuits,  and  control  circuitry. 
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PRE§ENTATION  DEVICES 

GENERAL 

This  taction  daicribei  the  component*  uied  in  a  physiological  monitoring  system 
for  the  display  and  recording  of  physiological  data.  Thais  devices  — » meters,  oscillo¬ 
scopes,  and  graphic  recorders  —  convert  analog  voltages  obtained  from  other  compo¬ 
nents  in  the  monitoring  system  into  a  scalar  indication,  a  decimal  digit  display,  ora 
graphic  trace  of  the  voltage  in  a  form  that  can  be  understood  by  the  operator. 

In  many  applications,  such  as  the  monitoring  of  body  temperature  or  respiration, 
the  voltages  accepted  by  the  presentation  device  are  slow-varying  d-c  signals,  and,  if 
a  recording  is  not  required,  a  simple  panel  meter  is  adequate  for  an  Instant-readout  of 
the  monitored  function.  If  several  parameters  are  being  monitored  simultaneously  or  If 
Inputs  vary  at  more  than  1  or  2  cycles  per  second,  some  form  of  recording  apparatus  is 
necessary.  Also,  when  the  pattern  of  the  variations  measured  Is  significant,  some  form 
of  waveform  display  and  recording  Is  essential . 

INDICATORS 

The  Indicators  of  Interest  In  physiological  monitoring  are  essentially  voltage  am¬ 
plitude  or  level  Indicators.  There  are  two  basic  type*!  the  panel  meter  (indicating 
dial)  and  the  digital  indicator.  (The  oscilloscope  is  primarily  a  high-frequency,  wave¬ 
form  display  device  and  Is  treated  separately  following  the  discussion  of  Instruments 
for  graphic  recording.) 

I.  Panel  Meter  or  Indicating  Dial 

The  basic  movement  of  a  panel  meter  Is  that  of  the  D'Arsonval  galvanometer.* 
The  galvanometer  consists  of  a  small  current-conducting  coll  that  Is  free  to  move 
within  the  field  cf  a  permanent  magnet.  (See  figure  54.)  The  voltage  to  be  measured 
Is  applied  to  the  coll,  causing  current  to  flow  in  it.  An  electromagnetic  field  results 
in  the  coll,  which  reacts  to  the  permanent  magnetic  field  In  such  a  way  as  to  turn  the 


*The  D'Arsonval  galvanometer  Is  the  most  commonly  employed  meter  movement  In 
the  range  of  signals  of  Interest  in  physiological  monitoring.  Less  common  Is  the 
electrostatic-type  meter  movement.  There  also  are  meters  built  around  moving-magnet 
systems,  but  these  are  normally  designed  for  high-current  measurements  (above  50  mil  - 
liamperes)  and  Industrial  applications. 
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Figure  54.  Basic  Galvanometer  Movement 

coll .  A  dial  or  pointer  attached  to  the  coll  travels  across  a  scale,  and  the  deflection 
of  the  pointer  Is  proportional  to  the  voltage  or  current  being  measured. 

The  coll  Is  wound  around  a  small  magnetic  core,  and  the  core  Is  mounted  in  the 
permanent-magnet  field  on  [eweled  or  hard-steel  bearings.  To  keep  the  mass  of  this 
moving  system  low,  the  number  of  coll  turns  on  the  core  Is  minimized;  this  limits  the 
full-scale  response  of  typical  meter  movements  to  very  low  currents,  from  0.003  to  no 
more  than  50  mllllamperes. 

To  measure  higher  ranges  of  voltage  or  current  additional  resistors  are  connected 
to  the  coll  of  the  meter.*  A  multirange  Instrument  Is  possible  If  resistors  of  several 
values  are  connected  to  the  call  In  various  combinations  by  a  switch,  ,'anel  meters, 
however,  usually  are  Intended  for  measuring  voltages  or  currents  where  the  approximate 
value  Is  known,  and  therefore  are  designed  for  a  single  range  of  measurement. 

The  response  of  a  properly  constructed  movlng-coll  meter  Is  linear.  Nonlinear 
response  (e.g.,  logarithmic)  Is  possible  by  altering  the  geometry  of  the  permanent 
magnets  used  In  the  meter,  or  by  using  nonlinear  resistive  elements  or  rectifiers  as  shunts 
In  the  coil  circuit.  In  the  latter  Instance,  Increasing  current  or  voltage  produces  In¬ 
creasing  current  flow  through  a  shunt,  rather  than  through  the  coll.  Such  a  response  Is 


*To  measure  current,  the  meter  Is  placed  In  series  with  the  circuit,  and,  to  Increase  the 
measurement  range,  shunting  resistors  are  connected  across  the  meter.  For  voltage 
measurement,  the  meter  Is  shunted  across  the  potential  sources;  In  this  case,  multiplier 
resistors  are  connected  In  series  with  the  meter. 
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useful  for  extremely  wide-range  response  in  a  single-range  instrument.  The  shunts 
serve  the  additional  function  of  overload  protection;  as  the  measured  signal  level 
approaches  full-scale  deflection,  current  rises  or  transient  surges  beyond  that  level 
would  be  shunted  around  the  coil,  rather  than  overdriving  it  and  causing  a  possible 
burnout. 

The  mechanical  characteristics  (inertia,  etc)  of  the  moving-coil  meter  limits  Its 
frequency  response.  The  usual  meter  cannot  faithfully  follow  an  electrical  signal  that 
changes  at  a  rate  greater  than  a  few  cycles  per  second.  The  response  time  Is  not  par¬ 
ticularly  important  for  panel  indicators  since  the  observer  cannot  follow  pointer  de¬ 
flections  at  even  this  low  rate.  However,  when  galvanometer  movements  are  used  to 
operate  direct-writing  recorders,  this  limited  frequency  response  must  be  considered. 
(Also  see  the  discussion  of  optical  galvanometers  on  page  105.) 

Meters  designed  for  the  measurement  of  specific  physiological  parameters  by  elec¬ 
trical  means  usually  are  scaled  In  the  units  of  that  parameter,  i.e.,  pounds  per  square 
inch,  degrees  of  temperature,  etc.  It  must  be  remembered,  however,  that  the  meter 
measures  voltage  or  current,  and  once  calibrated  Is  intended  for  use  with  transducers  of 
specific  characteristics.  If  transducers  of  different  characteristics  are  used,  the  meter 
cannot  be  used  without  being  recalibrated. 

Meters  are  available  in  a  variety  of  scale  sizes,  with  full-scale  deflections  rang¬ 
ing  from  as  little  as  1  Inch  of  arc  to  as  much  as  5  inches  or  more.  The  amount  of  panel 
space  available  for  meters  and  the  precision  with  which  readings  must  be  made  are 
determining  factors  In  selecting  scale  size.  The  scales  of  equipment  monitoring  meters 
found  on  many  radio  and  electronic  components  often  are  no  larger  than  3  Inches.  To 
monitor  relatively  low-level  physiological  phenomena,  however,  greater  sensitivity  Is 
necessary,  and  scales  of  5  and  more  Inches  (such  as  are  used  in  test  equipment)  are 
commonly  employed  for  more  accurate  reading.  Figure  55  shows  a  group  of  typical, 
commercially  available  panel  meters. 

II.  Digital  Meters 

Digital  meters  accept  voltage  levels  from  other  components  in  the  monitoring 
system  and  convert  them  for  display  in  numeric  form.  Also  called  In-line  indicators, 
they  offer  the  advantage  of  convenience  to  the  operator  by  showing  the  measured 
quantity  in  a  form  that  can  be  read  at  a  glance.  Digital  meters  also  permit  reading  at 
some  distance  from  the  meter,  and  present  a  single  quantity  that  is  free  of  the  parallax 
error  that  may  occur  in  reading  a  pointer  against  a  scale. 

The  digital  meter  consists  essentially  of  (1)  a  measuring  circuit,  which  produces  a 
number  of  pulses  proportional  to  the  level  of  the  measured  signal,  and  (2)  a  digital  dis¬ 
play  device,  which  gives  a  decimal  reading  in  volts  of  the  pulse  count. 
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Figure  55.  Typical  Galvanometer  Panel  Meters 


A.  The  Measuring  Circuit 

The  basic  units  of  the  measuring  circuit  of  a  digital  meter  are  a  voltage  com¬ 
parator  circuit,  reference  generator,  counter,  and  time  reference  oscillator  (see  figure 
56).  The  comparator  circuit  compares  the  level  of  the  unknown  voltage  with  a  refer¬ 
ence  voltage  supplied  by  the  reference  genorator  and  stops  the  counting  cycle  of  the 
counter  when  the  two  levels  are  equal .  The  reference  generator  supplies  the  compara¬ 
tor  with  a  sawtooth  waveform  with  a  controlled,  uniform  rate  of  rise  and  switches  the 
counter  on  at  the  start  of  each  sawtooth  wave.  The  counter  counts  the  number  of 
pulses  generated  by  the  time  reference  oscillator,  and  the  oscillator  supplies  pulses  to 
the  counter  at  a  preset  rate. 

Briefly,  the  measuring  circuit  operates  as  follows:  At  the  beginning  of  a 
sawtooth  wave  generated  by  the  reference  generator,  the  reference  generator  switches 
on  the  counter,  which  proceeds  to  count  pulses  supplied  by  the  oscillator.  The  ampli¬ 
tude  of  the  wave  increases  until  it  matches  the  amplitude  of  the  unknown  voltage  in 
the  comparator.  At  this  point,  the  comparator  switches  the  counter  off.  The  counter 
thus  has  counted  a  number  of  pulses  from  the  oscillator  that  is  proportional  to  the 
unknown  voltage .  At  the  start  of  a  new  sawtooth  wave,  the  counter  is  reset  and 
switched  on  again, and  the  cycle  is  repeated. 
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For  example,  assume  that  the  unknown  voltage  is  actually  125  volts.  If  the 
reference  generator  is  designed  to  produce  a  waveform  that  rises  at  the  rate  of  10  volts 
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Figure  56.  Basic  Components  of  a  Digital  Voltmeter 

per  millisecond,  then  12.5  milliseconds  will  pass  during  the  time  the  waveform  rises 
from  zero  to  match  the  measured  voltage.  If  the  time  reference  oscillator  ts  sending 
pulses  to  the  counter  at  the  rate  of  100,000  per  second,  then  1250  pulses  will  be 
counted  during  the  12.5  milliseconds.  This  figure,  1250,  Is  displayed  by  the  meter 
(ref.  35). 

The  counting  cycle  is  repeated  as  often  as  the  reference  generator  cycles, 
which  usually  is  at  a  low  frequency  (about  20  times  a  second) .  There  are  several  forms 
of  comparator  circuits  that  can  be  used  to  stop  the  counting  cycle.  A  simple  one  is 
shown  in  figure  57.  The  voltage  to  be  measured  is  applied  to  a  resistance  voltage 
divider,  and  the  reference  waveform  Is  applied  through  a  diode  to  the  junction  of  the 
divider.  When  the  reference  waveform  equals  the  level  of  the  measured  voltage,  the 
diode  conducts,  sending  a  pulse  to  the  counting  circuit  to  cut  it  off. 

The  counting  circuit  consists  of  binary,  on/off  devices  that  produce  a  four- 
line  (four-bit)  coded  output  to  the  display  devices.  Many  of  the  display  devices  that 
provide  a  decimal  readout  cannot  accept  such  digital  inputs,  so  a  gating  or  decoding 
stage  must  be  provided  between  the  counter  and  the  display.  Digital  data  circuits  of 
this  type  are  discussed  in  greater  detail  in  Section  VI. 

B.  Digital  Display 

A  digital  meter  gives  an  in-line  readout  of  decimal  characters,  so  that  the 
voltage  being  measured  can  be  read  directly  as  a  number.  Digital  meters  usually  read 
to  four  significant  digits,  although  five-digit  units  are  available.  There  are  numerous 
techniques  for  positioning  or  displaying  decimal  digits,  including  electromechanical 
positioning  of  printed  or  engraved  characters  on  a  wheel  or  drum,  projection  of  a  char¬ 
acter  onto  a  display  screen,  formation  of  a  character  by  lighted  line  segments,  and  by 
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alternate  lighting  of  1  of  10  stacked  characters  in  a  group.  Only  the  latter  two  tech¬ 
niques  have  wide  use  In  digital  meter  devices  at  present.  Figure  58  shows  their  display 
configurations. 


LINE  SEQUENT 


Figure  58.  Two  Types  of  Digital  Display  Devices 
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These  digital  display  devices  require,  either  internally  or  as  a  separate  input 
stage,  a  gating  matrix  that  can  accept  the  four-line  output  of  the  binary  counting  cir¬ 
cuit  described  previously.  This  gating  matrix  produces  electrical  outputs  that  trigger 
the  sequential  display  of  decimal  digits  correctly  when  a  voltage  count  is  being  made. 

1 .  Line  Segment  Displays 

The  line  segment  display  device  (figure  58)  consists  of  four  groups  of 
seven  line  segments  each .  In  each  group,  sequential  electrical  Inputs  light  different 
combinations  of  the  seven  line  segments,  displaying  each  of  the  10  numerals.  Several 
methods  are  used  for  lighting  the  line  segments.  On  some  meters,  the  line  segments 
are  made  up  of  neon  tubes  or  electroluminescent  panels,  whose  circuits  are  energized 
by  the  signals  from  the  gating  matrix.  In  others,  the  segments  are  translucent  strips  of 
glass  or  plastic,  which  are  lighted  by  small  Incandescent  bulbs.  (This  latter  type  also 
is  used  In  devices  that  form  their  characters  with  nine-line  segment  combinations,  but 
these  devices  are  intended  primarily  for  the  display  of  alphabetic  as  well  as  numeric 
data .) 


Displays  lighted  by  Incandescent  bulbs  are  very  bright  and  can  be  easily 
read  at  some  distance .  The  electroluminescent  or  neon  type  is  less  bright,  and  may  be 
difficult  to  read  if  ambient  light  levels  are'  high.  Both  types  have  an  advantage  over 
the  stacked  configurations  (discussed  below)  In  that  all  numerals  are  displayed  In  a 
single  plane,  which  can  be  right  at  the  surface  of  the  meter  panel,  and  there  Is  no  par¬ 
allax  problem;  l.e.,  the  display  can  be  read  accurately  from  an  acute  angle. 

2.  Stacked  Character  Displays 

Probably  the  best  known  of  the  digital  in-line  indicator  devices  Is  the 
edge-lighted  lucite  panel .  This  device  has  been  used  on  practically  all  forms  of  dig¬ 
ital  measuring  instruments  for  several  years.  In  a  four-numeral  ln-ilne  display,  a 
stacked  group  of  10  lucite  panels  Is  used  for  each  numeral  In  the  display.  Each  panel 
In  a  group  has  1  of  the  10  numerals  engraved  on  It,  and  each  panel  has  a  tiny  incan¬ 
descent  bulb  set  in  one  edge;  a  signal  from  the  gating  matrix  lights  the  bulb,  edge- 
lighting  the  numeral  In  the  panel . 

Of  course  only  one  panel  In  a  group  is  lighted  at  a  time;  nevertheless 
readoff  can  be  difficult  when  a  panel  to  the  rear  of  the  stack  Is  lighted,  since  scatter¬ 
ing  of  the  light  tends  to  light  the  characters  in  front  of  It  as  well.  Also,  because  of 
the  panol  depth  necessary  to  accommodate  the  10-character  stacks,  reading  the  display 
from  an  angle  is  something  of  a  problem. 

Another  unique  version  of  the  stacked  character  device  is  a  multicathode 
display  tube  called  the  "Nixie."  The  Nixie  Is  a  cold-cathode  gas  tube  employing  10 
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cathodes,  each  shaped  to  forma  separate  numeral.*  The  application  of  a  potential 
between  one  of  the  cathodes  and  the  anode,  as  triggered  by  the  signal  from  the  gating 
matrix,  causes  the  cathode  to  glow,  making  the  number  formed  by  that  cathode  easily 
readable.  The  cathodes  are  stacked  closely  together  near  the  display  end  of  the  tube, 
but,  like  the  luelte  panels,  there  Is  a  finite  depth  requirement  for  the  10  characters, 
and  they  cannot  be  read  accurately  at  too  acute  an  angle. 

GRAPHIC  RECORDING  DEVICES 

When  the  actual  value  of  a  steady  voltage  Is  the  significant  factor  In  a  measure¬ 
ment,  digital  display  devices  suffice  for  a  monitoring  system.  But  In  the  monitoring  of 
physiological  phenomena,  the  variations  (In  time)  of  various  body  functions,  either 
their  natural  periodic  variations  or  their  specific  responses  to  certain  stimuli,  often  are 
of  primary  Interest.  Transient  display  of  such  transient  phenomena  can  be  obtained 
with  an  oscilloscope;  but  for  most  physiological  work,  permanent  records  of  the  phe¬ 
nomena  are  essential.  An  observer  cannot  evaluate  a  transient  display  of  fast-changing 
voltages  accurately,  and  even  for  the  slower  rates  of  change,  permanent  records  permit 
the  comparing  of  one  measurement  with  another  and  the  accumulation  of  quantitative 
data  for  subsequent  computer  processing. 

One  obvious  way  to  obtain  a  recording  ts  to  photograph  the  display  on  a  cathode 
ray  oscilloscope  (this  Is  to  be  discussed  later  In  this  section  on  page  116).  The  devices 
discussed  here  are  of  two  basic  types:  the  galvanometrlc  and  the  potentlometric  (servo 
operated).  These  Instruments,  generally  termed  oscillographs,  record  by  causing  some 
form  of  stylus  (or  a  beam  of  light)  to  traverse  a  strip  of  chart  paper,  leaving  a  visible 
curve  which  Is  a  record  of  the  varying  Input  voltage. 

The  various  recorders  available  are  too  numerous  to  examine  In  detail  In  this 
text.**  The  various  operational  characteristics  of  galvanometrlc  and  potentlometric 
records  are  discussed  here  so  that  the  capabilities  of  the  Instruments  can  be  weighed 
against  the  requirements  of  a  physiological  monitoring  situation. 

Generally,  the  following  factors  are  Important  when  evaluating  graphic  recording 
devices: 


1 .  Frequency  response  -  the  time  variation  of  the  measured  signal  that  can 
be  reproduced . 

2.  Range  or  span  -  the  amplitude  variation  of  the  measured  signal  that  can 
be  reproduced . 


•Burroughs  Corporation,  Plainfield,  New  Jersey 
**A  recent  survey  (ref.  30)  briefly  lists  characteristics  on  nearly  one  thousand  recorders 
of  various  kinds,  from  over  200  different  manufacturers. 
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3.  Accuracy  -  the  fidelity  with  which  amplitude  variation*  are  recorded, 
which  usually  li  expressed  In  some  percentage  of  the  full-scale  range  of  the  recorder, 
and  sometimes  for  specific  frequency  ranges. 

4.  Form  of  presentation  -  such  factors  as  type  of  stylus  and  paper,  type  of 
chart  paper,  chart  speeds,  etc. 

I.  Direct  Writing  Galvanometrlc  Recorders 

Basically,  a  galvanometrlc  recorder  Is  a  moving-coil  meter  with  a  scribe  attached 
to  the  coll  assembly.  The  components  of  a  galvanometrlc  recorder  may  Includes 

1.  The  galvanometer  movement. 

2.  The  writing  arm  and  stylus,  which  are  attached  to  the  meter  arm. 

3.  A  paper  chart  and  chart  drive  mechanism. 

4.  Input  amplifiers,  usually  Including  a  separate  preamplifier  In  addition  to 
the  driving  amplifier  that  feeds  the  galvanometer  (depending  upon  the  particular  man¬ 
ufacturer  and  model  or  type). 

5.  Power  supplies  for  the  amplifiers  and  the  chart  drive. 

The  various  accessories  used  with  this  type  of  recorder  Include  (1)  gears  and  con¬ 
trols  for  changing  the  chart  speeds,  (2)  additional  chart  markers  for  time  and  event 
recording,  (3)  chart  footage  Indicators  and  rewind  mechanisms,  and  (4)  stylus  accesso¬ 
ries  for  forced  tnk  supply,  stylus  heating,  stylus  vibration  to  overcome  friction,  etc. 

A.  Basic  Operation 

The  basic  operation  of  a  galvanometrlc  recorder  Is  the  same  as  that  described 
for  Indicator  operation  on  page  90,  except  that  for  good  Intermediate -frequency  re¬ 
sponse,  the  coll  and  magnet  must  develop  considerably  more  torque,  and  the  spring  that 
returns  the  writing  arm  must  be  much  stlffer.  Also,  In  a  recorder,  damping  of  the 
movement  Is  especially  significant. 

When  the  pointer  Is  deflected  by  the  passage  of  current  through  the  coll,  the 
deflection  Is  resisted  by  the  spring  In  the  coll  suspension.  If  there  were  no  damping, 
the  opposing  forces  would  cause  the  pointer  to  oscillate  at  the  resonant  frequency  of 
the  mechanical  system.  Damping  drains  off  the  energy  producing  oscillation  until, 
with  opposing  forces  equal,  the  pointer  reaches  an  equilibrium  point. 

Damping  Is  obtained  In  several  ways.  In  electromagnetic  damping,  movement 
of  the  coll  generates  electromagnetic  fields,  either  In  the  frame  of  the  coll  or  In  a 
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separate  damping  coil,  that  oppose  the  primary  motion.  In  mechanical  damping,  the 
coll  movement  Is  immersed  In  a  viscous  medium,  such  as  oil,  In  electronic  damping, 
negative  feedback  In  the  amplifier  that  drives  the  meter  movement  effectively  damps 
meter  oscillations. 

The  effects  of  damping  on  a  recording  are  readily  seen  In  figure  59.  For  a 
square-wave  Input  as  shown,  If  the  damping  forces  are  too  low,  the  recorded  waveform 
shows  the  oscillations  of  figure  59(A).  If  the  damping  forces  are  too  strong,  the  re¬ 
sponse  time  of  the  recorder  Increases,  producing  the  lag  In  response  shown  In  figure 
59(C).  Ideal  damping  Is  shown  In  figure  59(B);  here,  damping  forces  are  about  seven- 
tenths  of  critical.  This  value  permits  a  very  slight  overshoot  before  equilibrium  Is 
reached,  but  faster  response  times  are  achieved  than  Is  possible  with  full  damping. 


Figure  59.  Effect  of  Damping  Upon  Recorded  Signals 

Damping  forces  maybe  ad|usted  In  several  ways.  On  some  Instruments,  the 
pressure  of  the  stylus  against  the  chart  paper  can  be  changed.  On  others,  a  feedback 
control  is  provided  In  the  driving  amplifier.  By  whatever  means  Is  available,  the  ad¬ 
justment  Is  checked  by  applying  a  known  waveform  (such  as  the  square  wave  of  figure 
59)  to  the  recorder  and  making  adjustments  until  the  optimum  recorded  waveform  (fig¬ 
ure  59(B))  Is  obtained. 

B .  Frequency  Response 

For  straightforward,  direct-writing  galvanometrlc  recorders,  the  highest  fre¬ 
quency  that  can  berec  rded  faithfully  Is  about  150  cycles  per  second,  For  any 
Instrument,  the  maximum  response  is  a  function  of  Its  (mechanical)  resonant  frequency, 


PRESENTATION  DEVICES 


and  for  all  Instruments  tha  top  frequency  li  limited  by  mechanical  characteristics,  such 
at  the  weight  of  the  moving  system,  itylui  friction,  etc. 

Above  relatively  low  frequencies  (about  20  cycles  per  second),  the  mechani¬ 
cal  movement  of  the  most  sensitive  meter  prohibits  the  response  from  being  truly  linear. 
If  a  sine-wave  input  of  about  80  cycles  per  second  Is  applied  to  the  meter,  for  exam¬ 
ple,  the  coil  Is  deflected  and  the  meter  attempts  to  reach  a  series  of  equilibrium  points 
comparable  to  the  points  along  the  sine  curve.  However,  an  Inherent  mechanical  lag 
prohibits  these  equilibrium  points  from  being  reached  as  rapidly  as  the  Input  level 
changes.  The  resultant  trace,  therefore,  Is  not  a  true  sine  wave.  But  within  the  estab¬ 
lished  limits  for  galvanometers  (100-150  cps),the  distortion  is  no  worse  than  that  which 
Is  introduced  elsewhere  in  the  system  (the  transducer,  for  example),  and  the  near-linear 
response  is  adequate,  which  Is  reflected  In  the  1  percent  accuracy  figure  that  most 
instruments  possess. 

C .  Range  or  Span 

Most  manufacturers  of  galvanometrlc  recorders  build  a  particular  line  of  re¬ 
cording  instruments  around  a  single  basic  meter  movement,  with  the  fundamental  full- 
scale  response  ranging  from  10  microamperes  to  1  mtlllampere.  No  attempt  Is  made  to 
provide  multiple  ranges  in  the  one  movement,  tinee  linearity  or  accuracy  would  have 
to  be  sacrificed.  Therefore,  where  multiple  ranges  are  desired,  provision  Is  made  to 
use  Interchangeable  preamplifiers  with  the  meter.  Thus,  by  using  amplifier  stages  with 
different  gain  to  match  the  Input  signal  to  the  optimum  range  of  the  meter  movement, 
a  wide  range  of  input  signals  can  be  graphed  by  the  same  recorder. 

D .  Accuracy 

The  accepted  accuracy  figure  for  most  galvanometrlc  recorders  Is  about  1 
percent,  which  is  defined  as  an  error  in  a  given  recorded  level  that  is  no  greater  than 
1  percent  of  the  full  scale  ■‘coding  of  the  Instrument.  Sometimes  this  accuracy  figure 
is  expressed  in  scale  division  units;  l.e.,  an  error  no  greater  than  one  half  a  division 
on  a  50-divlslon  amplitude  scale  on  the  chart  paper.  The  accuracy  figure  is  seldom 
strictly  true  over  the  full  range  of  the  recording  Instrument,  and  manufacturers1  speci¬ 
fications  often  give  the  appropriate  qualifications.  Accuracy  may  be  quoted  as  loss 
than  1  percent  for  80  percent  of  full-scale  deflection,  and  lass  than  2  percent  for  full 
scale.  Or  tha  accuracy  may  be  specified  for  an  optimum  frequency  range:  one  half  of 
1  percent  below  60  cycles  per  second,  and  less  than  2  percent  up  to  120  cycles  per 
second . 


E.  Chart  Drive 

The  recording  obtained  with  a  galvanometrlc  recorder  is  a  curve  traced  on  a 
piece  of  chart  paper  by  a  stylus  activated  by  tha  deflecting  pointer  of  the  galvanom¬ 
eter.  The  chart  paper  moves  continuously  during  measurement,  affording  a  record  of 
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amplitude  variations  in  time  (time  base  recording).  There  are  recorders  using  circular 
discs  of  chart  paper  that  are  rotated  beneath  the  stylus,  but  these  are  used  mainly  in 
Industrial  type  measurements.  In  physiological  work,  the  strip  chart  Is  the  most  com¬ 
monly  employed,  In  which  a  roll  of  chart  paper  Is  passed  beneath  the  stylus  by  a  chart 
drive  mechanism. 

Chart  drive  motors  maybe  either  electric  (ac  or  dc)  or  spring  wound .  Most 
recorders  use  a  gear  system  that  permits  different  chart  speeds:  from  less  than  an  Inch 
to  more  than  a  foot  of  chart  per  minute  (or  per  hour) .  High  speed  drives  of  as  much  as 
10  feet  per  minute  are  possible,  although  the  use  of  expanded  scale  measurements  of 
this  kind  Is  unlikely  In  physiological  monitoring.  The  selection  of  chart  speeds  Isa 
function  of  the  frequency  components  to  be  recorded,  the  amount  of  scale  expansion 
required  for  the  study  and  Interpretation  of  the  ehart,  and  the  length  of  time  required 
for  a  given  measurement  or  series  of  measurements . 

In  many  Instruments,  tho  chart  paper  Is  moved  by  friction  wheels.  Where  time 
base  accuracy  Is  critical,  a  ehart  drive  employing  sprocket  wheels  Is  preferable.  The 
sprockets  engage  perforations  along  the  edge  of  the  chart,  preventing  the  chart  paper 
from  slipping. 

F.  Type  of  Stylus  (and  Paper) 

There  are  four  principal  types  of  mechanical  writing  arms  used  In  recorders: 
the  pen,  heated  stylus,  pressure  stylus,  and  electrode.  Each  employs  Its  own  type  of 
ehart  paper. 

The  pen  writer  Is  among  the  earliest  of  direct-writing  devices,  and  Is  still 
widely  used.  Its  chief  drawback  Is  the  sometimes  difficulty  of  drawing  continuous,  un¬ 
interrupted  traces  at  high-level,  high-frequency  signals,  because  of  clogging  of  the 
nib  with  Ink  deposits  and  skipping  of  the  pen. 

The  heated  stylus  is  used  with  coated  chart  paper.  The  stylus  is  heated  by 
electric  current  flowing  through  a  resistive  element,  and  as  it  travels  across  the  chart 
paper,  it  melts  off  the  plastic  coating,  exposing  the  black  undersurface. 

The  pressure  stylus  Is  used  with  carbon -treated  paper.  As  Its  name  Implies, 
simple  pressure  of  the  stylus  against  the  writing  table  In  the  recorder  leaves  a  black 
trace  on  the  paper. 

The  electrode  stylus  Is  charged  negative  (about  100  volts)  relative  to  a  metal 
plate  beneath  the  chart  paper.  As  the  stylus  moves  across  the  paper,  a  continuous 
series  of  discharges  between  stylus  and  plate  burns  marks  In  tho  chart  paper. 
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G.  Type  of  Curve. 

The  common  form  for  graphic  recordings  or  presentations  Is  rectilinear;  t.e., 
one  variable  such  as  amplitude  Is  plotted  on  a  scale  that  Is  perpendicular  to  another 
scale,  frequently  a  time  scale.  In  galvanometer  operation,  however,  a  stylus  linked 
directly  to  the  moving  arm  of  the  meter  movement  describes  an  arc  as  the  arm  Is  de¬ 
flected.  If  rectilinear  chart  paper  were  employed  with  the  galvanometer,  displace¬ 
ment  of  the  stylus  with  amplitude  would  also  be  seen  as  displacement  along  the  time 
scale.  Therefore,  chart  paper  Is  used  with  divisions  along  the  time  saale  that  are 
curved  to  match  the  stylus  arc,  This  type  of  recording  Is  called  curvilinear,  and  Is 
commonly  used  with  many  types  of  pen  writers.  (See  figure  60.)  The  data  so  reoorded 
are  accurate,  but  such  recordings  are  difficult  to  read  or  Interpret,  and  comparing  dif¬ 
ferent  curves  along  the  same  time  base  Is  difficult. 

Several  manufacturers  offer  special  linkages  for  connecting  the  writing  arm  of 
the  pen  recorder  to  the  galvanometer  arm,  so  that  deflection  of  the  pen  along  the 
amplitude  axis  Is  maintained  In  a  line  perpendicular  to  the  time  axis  of  the  moving 
chart  paper.  This  provides  a  true  rectilinear  recording.  (See  figure  60.) 

Recorders  using  other  stylus  types,  such  as  the  heated  stylus,  usually  provide  a 
rectilinear  recording  by  having  the  stylus  contact  the  chart  paper  at  a  point  where  It  Is 
bent  over  a  straight  edge.  (See  figure  61.)  In  this  type  of  recording,  the  paper  Is 
contacted  not  by  the  tip  of  the  stylus,  but  by  different  parts  of  the  stylus  arm  for  dif¬ 
ferent  degrees  of  deflection;  however,  contact  Is  always  along  the  same,  perpendicular 
(relative  to  the  time  base)  line. 


Figure  60.  Curvilinear  and  Rectilinear  Records  of  the  Same  Inputs 


GRAPHIC  RECORDING  DEVICES 


© 


Unborn  Co,,  Walthnm,  M«u. 

Figure  61 .  Rectilinear  Recording  With  a  Heated-Stylus  Galvcmomatar 

H.  Multlohannal  Raeordars 

Two  or  mora  outputs  of  a  physiological  monitoring  systom  can  ba  racordad 
simultaneously  with  the  recordings  on  the  same  chart  paper.  The  required  number  of 
galvanometer  movements  are  mounted  In  a  galvanometrlc  recorder  side  by  side,  one  for 
each  channel  to  be  recorded.  The  multiple  curves  cannot  be  charted  along  the  same 
amplitude  axis,  since  the  multiple  deflecting  writing  arms  would  Interfere  with  each 
other.  However,  the  recordings  are  made  on  porallel  charts  (on  one  strip  of  chart 
paper)  so  that  the  same  time  base  or  time  axis  Is  shared.  Galvanometer  recorders  with 
as  many  as  16  side-by-side  charts  are  available. 

I.  Typical  Galvanometrlc  Recorders 

1 .  All-Purpose  Low  Frequency  Recorder 

Figure  62  shows  a  typical  galvanometrlc  recorder  that  produces  rectilin¬ 
ear  Ink  recordings  from  a  wide  variety  of  voltage, current,  and  frequency  ranges.  When 
used  with  d-c  millivolt  Inputs  (likely  In  physiological  measurements),  it  performs  well 
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Figure  62.  Low-Frequency  Galvanometrlc  Recorder 

at  low  frequencies  (2  to  5  cycles  per  second).  The  model  shown  Is  a  two-channel 
recorder;  a  single-channel  Instrument  also  Is  available.* 

This  recorder  has  an  Input  Impedance  of  1500  ohms,  and  It  achieves 
critical  damping  when  the  source  Impedance  (driving  amplifier)  Is  20,000  ohms.  Vari¬ 
ous  mllllampere  ranges  (with  different  preamplifiers)  are  available  from  0.5  to  100.  It 
has  an  accuracy  of  1  percent  for  full-scale  deflection  (4-1/2  Inches), 

Chart  drive  motors  may  be  electrical  (ae  or  dc)  or  spring  wound,  or  the 
chart  drive  shaft  may  be  coupled  to  an  external  mechanical  Input.  Chart  speeds  of 
3/4,  1-1/2,  3,  6,  and  12  Inches  per  minute  (or  per  hour)  are  possible.  Accessories  In¬ 
clude  additional  timing  marker  pens,  and  a  pen  vibrator  (with  the  a-c  powered  models) 


*Texas  Instruments,  Inc.,  Houston,  Texas 
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that  provides  60-cycle  excitation  to  the  stylus,  a  technique  that  improves  response  at 
very  low  chart  speeds  and  with  low-level  signals  by  reducing  the  friction  of  the  stylus— 
to-paper  contact, 

2.  All-Purpose  Intermediate  Frequency  Recorder 

Figure  63  shows  a  versatile  multichannel  recorder  for  recording  at  higher 
frequencies.*  This  instrument  records  six  or  eight  channels  of  data  simultaneously  on 
the  same  chart  paper.  Each  channel  records  on  a  chart  with  50  amplitude  divisions  on 
a  scale  about  4  centlmetors  wide.  Full-scale  ranges  of  from  500  microvolts  to  5  volts 
are  available,  depending  upon  the  preamplifier  used  with  the  channel.  The  accuracy 
ts  better  than  2  percent  (less  than  one-half  division  error)  for  full-scale  deflection, 
and  better  than  1  percent  (less  than  one -quarter  division  error)  wtthln  the  center  40 
divisions  of  the  scale.  The  frequency  response  ts  from  dc  to  100  cycles  per  second. 

This  recorder  uses  heat-sensitive  chart  paper,  and  It  Is  provided  with 
Individual  stylus  temperature  control.  Nine  chart  speeds,  from  0.25  to  100  millimeters 
per  second,  are  available  on  the  multichannel  Instrument,  and  stylus  temperature  Is 
changed  automatically  when  the  chart  speed  Is  changed. 

3.  Special  Purpose  Recorders 

Many  recorders  are  available  that  are  designed  for  specific  measure¬ 
ments.  These  devices  are  limited  In  their  performance  range,  but  considerable  econ¬ 
omy  in  design  and  construction  Is  realized,  with  no  great  sacrifice  In  performance  for 
the  range  of  measurement  for  which  they  are  Intended. 

Two  examples,  shown  In  figure  64,  area  matched  pair  of  dual-channel 
recorders  designed  for  monitoring  the  physiological  parameters  of  blood  pressure  (sys¬ 
tolic  and  diastolic),  temperature,  and  heart  rate.**  Each  recorder  Is  only  3-5/8  by 
5-5/8  by  4-1/8  inches  in  size,  and  operates  on  115  volts  ac.  Pressure-sensitive  chart 
paper  Is  usod  with  a  fixed  chart  speed  of  10  Inches  per  hour.  They  are  low-frequency 
devices  with  a  response  time  of  0.25  second.  The  accuracy  of  the  Instruments  Is 
approximately  2  percent. 

II.  Optical  Galvanometers 

A.  Meter  Movement 

The  frequency  response  of  direct-writing  galvanometers  Is  limited  by  their 
mechanical  system.  The  mass  of  the  moving  coll  and  writing  arm,  and  the  frictional 
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Figure  63.  Intermediate  Frequency  Galvanometric  Recorder 


Gultan  Industrie!,  Ine.,  Metuchen,  N.J, 


Figure  64.  Typical  Special-Purpose  Physiological  Recorders 

drag  of  the  stylus  against  the  chart  paper  combine  to  limit  the  response  to  several  hun¬ 
dred  cycles  per  second.  The  frequency  response  of  the  optical  galvanometer  is  in  the 
kilocycle  range. 

The  basic  meter  movement  of  the  optical  galvanometer  is  the  same:  a  moving 
coil  assembly  within  the  field  of  a  permanent  magnet,  The  writing  arm,  however,  is 
eliminated,  and,  instead,  a  beam  of  light  is  deflected  upon  light-sensitive  chart  paper. 
The  only  additional  mass  on  the  coil  assembly  is  a  small  mirror;  and,  further,  since  the 
length  of  the  light  beam  can  be  long,  the  angular  displacement  of  the  coll  can  be 
small;  full-scale  deflection  is  therefore  possible  with  a  small  magnet  and  an  extremely 
lightweight  moving  coil  assembly.  These  factors  result  in  a  higher  frequency  response 
for  optical  galvanometers  than  Is  possible  in  direct-writing  instruments. 
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B.  Galvanometer  Optics 

The  optical  system  In  a  galvanometer  consists  of  (1)  an  Incandescent  lamp  for 
a  light  source#  (2)  a  collimating  lens  and  aperture  control  to  form  the  light  into  a  beam 
and  focus  It  on  the  galvanometer  mirror#  (3)  the  mirror#  and  (4)  a  lens  to  focus  the  light 
from  the  mirror  into  a  point  on  the  plane  of  the  recording  paper.  Figure  65  shows  the 
optical  system  for  a  typical  recorder  with  six  channels. 
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Figure  65.  Optical  Recording  System  for  a  Six-Channel  Recorder 

1 .  Multichannel  Recording 

Galvanometers  in  commercial  multichannel  instruments  are  quite  small  - 
about  the  size  of  a  pencil.  Eight  moving  arms  are  mounted  side  by  side  In  just  a  few 
inches  of  space.  Recorders  with  24  or  more  channels  are  available  with  relatively 
small  housings.  In  a  multichannel  recording,  this  type  of  recorder  has  an  additional 
advantage:  since  the  curve  is  traced  on  the  chart  with  light#  two  or  more  curves  can 
cross  each  other  without  Interference#  and  channels  being  recorded  can  be  adjusted  so 
that  they  occupy  the  full  width  of  the  chart  for  maximum  expansion  of  the  recorded 
signal . 

2.  X-Y  Recording 

All  graphic  recordings  represent  the  plotting  of  one  variable  quantity 
against  another.  In  most  recordings,  a  variable  is  plotted  against  time  (represented  by 
the  movement  of  the  chart  paper).  In  some  measurements,  however#  It  is  desirable  to 
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plot  a  variable  against  some  function  other  than  time.  This  is  called  function  or  X-Y 
recording.  An  example  In  physiological  monitoring  Is  the  vectorcardiograph,  In  which 
two  electrocardiographic  signals,  each  taken  from  a  different  body  location,  are 
plotted  against  each  other. 

This  type  of  recording  can  be  accomplished  with  galvanometric  recorders 
using  an  Ingenious  system  of  optics,  such  as  shown  In  figure  66.  One  variable,  X,  Is 
applied  to  a  galvanometer  with  a  concave  mirror  on  Its  movement;  the  other  variable, 
Y,  Is  applied  to  a  galvanometer  with  a  flat  mirror  on  its  movement.  A  light  beam 
reflected  by  both  mirrors  traces  an  X-versus-Y  curve  on  a  square  of  chart  paper.  (The 
chart  paper  is  not  moved  during  this  recording.) 


Sanborn  Co,,  Waltham,  Most, 

Figure  66.  Optical  System  for  Galvanometric  X-Y  Recording 
C .  Chart  Processing 

There  are  two  principal  ways  to  process  recordings  obtained  with  optical 
galvanometers,  in  one  method,  standard  white  photographic  paper  is  used  for  the  chart, 
and  the  chart-feed  mechanism  is  treated  like  a  camera  box.  The  paper  Is  loaded  in  a 
darkroom,  exposure  In  the  recorder  Is  limited  to  the  light  beams  from  the  galvanome¬ 
ters,  and  the  exposed  chart  is  processed  in  a  darkroom  (normal  photographic  procedure). 

In  another  technique,  ultraviolet-sensitive  paper  Is  used  for  the  chart, and  the 
light  beam  used  In  the  recorder  Is  filtered  to  pass  only  the  ultraviolet  light  from  the 
lamp.  This  paper  can  be  loaded  In  daylight,  and  It  is  self-developing  upon  exposure  to 
daylight.  After  exposure  to  the  ultraviolet  trace,  the  ehart  paper  is  fed  out  of  the 
recorder  directly,  and  a  readable  chart  Is  available  within  a  few  seconds  of  exposure. 
This  type  of  recorder  offers  the  higher  frequency  response  of  the  optical  galvanometer 
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and  direct  access  to  the  recording  (as  is  possible  with  direct-writing  instruments).  The 
recordings  do  tend  to  fade  with  time/  however,  which  would  be  a  disadvantage  in  some 
applications. 

Since  the  chart  paper  cannot  be  preprinted,  provision  must  be  made  for  trac¬ 
ing  grid  lines  on  the  chart  paper  within  the  recorder.  A  separate  optical  system  Is 
used  to  trace  X-  and  Y-axis  lines  (with  light)  upon  the  paper  as  It  passes  through  the 
recorder.  Various  means,  also  optical,  are  used  to  provide  time  markers  or  to  Identify 
the  various  traces  In  a  multichannel  recording. 

III.  Potentiometrlc  Recorders 

For  recording  very  low-frequency,  low-amplitude  signals,  a  potentiometrlc  recorder 
may  be  employed.  The  basic  circuit  for  a' potentiometrlc  (null -balance)  recorder  is 
shown  In  figure  67,  The  recording  stylus  Is  driven  by  a  motor  and  linked  to  the  moving 
slide  on  a  resistance  bridge  that  is  adjusted  for  balance  against  an  Internal  reference 
voltage.  The  signal  that  Is  measured  and  recorded  unbalances  the  bridge,  producing  an 
error  voltage.  The  error  voltage  is  applied  through  a  chopper  and  a-c  amplifier  to  the 
windings  of  a  servo  motor.  This  motor  Is  linked  mechanically  back  to  the  moving  slide, 
which  Is  repositioned  to  a  point  where  the  error  signal  Is  zero  and  the  bridge  Is  once 
again  In  balance.  The  stylus, attached  to  the  moving  slide,  traces  a  curve  whose  ampli¬ 
tude  level  corresponds  to  the  variations  In  (error)  voltage  applied  to  the  bridge. 

Because  of  the  mechanical  limitations  of  the  servo  motor  and  the  slide-wire  stylus 
carriage,  full-scale  response  of  these  devices  Is  relatively  slow,  averaging  0.25  second 
or  more  for  full-scale  deflection,  which  limits  the  frequency  response  to  about  1  cycle 
per  second.  Sensitivity  Is  very  good,  however,  with  full-scale  response  for  inputs  of  1 
or  2  millivolts,  and  accuracies  of  better  than  1  percent  (full  scale)  are  easily  attained, 
These  Instruments  are  effectively  Infinite  Impedance  devices,  drawing  no  current  when 
In  balance. 

Like  direct-writing  galvanometrlc  recorders,  potentiometrlc  recorders  are  available 
with  charts  of  various  widths,  and  with  chart  drives  of  various  speeds.  Multichannel 


Figure  67,  Basic  Potentiometrlc  Recorder  Circuit 
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recording  instrument*  are  available  with  either  slde-by-slde  plots  on  the  same  chart,  or 
overlapping  plot*.  In  the  latter  Instance,  the  full  width  of  the  chart  paper  is  used  for 
each  plot;  however,  there  is  a  discrete  displacement  between  each  plot  on  the  time 
axis,  which  is  necessary  so  that  the  various  styll  can  cross  each  other  without  Inter¬ 
ference  . 

X-Y  or  function  recording  Is  possible  with  potentlomeirlc  recorders  In  one  of  two 
ways.  In  one,  the  second  variable  to  be  plotted  Is  applied  to  a  second  balancing  cir¬ 
cuit  In  which  the  servo  motor  serves  as  the  chart  drive  motor,  so  that  the  rate  at  which 
the  chart  paper  moves  beneath  the  stylus  is  proportional  to  the  second  variable.  In  the 
other,  the  servo  motor  In  the  second  balancing  circuit  drives  the  whole  slide  wire  tn  a 
plane  perpendicular  to  the  movement  of  the  stylus  carriage  along  the  slide  wire. 

CATHODE  RAY  OSCILLOSCOPE 

One  of  the  most  useful  Instruments  for  displaying  and  recording  high-frequency 
phenomena  is  the  cathode  ray  oscilloscope.  Since  It  Is  completely  electronic  In  oper¬ 
ation  with  no  mechanical  mass  to  move,  Its  frequency  response  extends  to  hundreds  of 
kilocycles,  or  higher,  and  It  provides  instantaneous  display  of  complex  waveforms  and 
other  rapidly  occurring,  transient  phenomena. 

The  output  or  display  of  an  oscilloscope  is  a  phosphorescent  trace  produced  on  the 
face  of  a  cathode  ray  tube  when  It  is  bombarded  by  a  moving  beam  of  electrons.  This 
electron  beam  ts  the  only  moving  part  tn  the  oscilloscope.  Being  virtually  without 
mass,  It  can  be  deflected  (either  electrostatically  or  electromagnettcally)  at  extremely 
high  frequencies  (up  to  many  megacycles).  In  typical  applications,  the  signal  to  be 
displayed  is  applied  to  the  oscilloscope  In  such  a  way  as  to  deflect  the  electron  stream 
in  the  vertical  (amplitude)  plane,  while  an  Internal  sweep  circuit  deflects  the  stream 
horizontally  at  a  regular  controlled  rate.  This  arrangement  produces  the  conventional 
time-base  display.  Additional  Inputs  provide  for  X-Y  or  function  display  by  letting  a 
second  variable  (rather  than  the  sweep  circuit)  control  the  horizontal  deflection. 

I .  Principal  Components 

A.  The  Cathode  Ray  Tube 

The  basic  unit  of  the  oscilloscope  is  the  cathode  ray  tube.  (The  basic  con¬ 
struction  of  the  tube  is  shown  In  figure  63.)  A  cathode  ray  tube  is  comprised  of  four 
partsi  (1)  an  evacuated  glass  envelope,  (2)  an  electron  gun  for  producing  a  stream  of 
electrons,  (3)  a  means  of  deflecting  the  electron  stream,  and  (4)  a  screen  to  transform 
the  electrical  energy  of  the  electron  beam  into  light. 

The  faces  of  cathode  ray  tubes  vary  In  diameter  from  as  small  as  one  Inch  to 
the  picture  tubes  used  in  television  sets  (up  to  30  inches).  The  electron  gun  consists  of 
a  filament,  a  cathode,  a  control  grid,  a  focusing  anode,  and  an  accelerating  anode. 
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Figure  68.  Construction  of  a  Cathode  Ray  Tube 

Electrical  connections  to  these  various  electrodes  are  made  through  pins  In  the  base  of 
the  tube,  or  connections  through  the  glass  wall.  The  cathode  emits  electrons,  which 
are  collimated  and  accelerated  through  the  tube  In  the  form  of  a  beam. 

The  horizontal  and  vertical  deflection  plates  vary  the  path  of  the  beam,  and 
a  phosphor  coating  on  the  Inner  face  of  the  tube  emits  visible  light  when  It  Is  bom¬ 
barded  with  the  highspeed  electrons.  A  voltage  difference  between  tho  vertical 
deflection  plates  bends  the  electron  beam  either  upward  or  downward,  depending  upon 
the  polarity  of  the  voltage  on  the  plates.  Similarly,  a  voltage  placed  on  the  horizon¬ 
tal  plates  deflects  the  beam  right  or  left,  depending  upon  the  voltage  polarity.  The 
beam,  therefore,  strikes  the  phosphor  screen  at  a  point  determined  by  the  voltages  on 
the  deflection  plates. 

B,  Oscilloscope  Circuitry 

A  block  diagram  of  oscilloscope  circuitry  Is  shown  In  figure  69.  The  circuits 
consist  of  the  following: 

1 .  A  voltage  amplifier,  usually  a  d-c  amplifier,  with  a  gain  of  about  10,000. 
This  amplifier  applies  voltage  to  the  vertical  deflection  plates. 

2.  A  second  amplifier  (similar  to  the  first)  that  applies  voltage  to  the  hori¬ 
zontal  deflection  plates.  The  Input  to  this  amplifier  can  be  switched  from  the  external 
horizontal  Input  terminals  to  a  sweep  generator  within  the  oscilloscope. 

3.  A  sweep  generator  (with  provisions  for  varying  the  frequency  of  the 
sweep)  that  produces  a  horizontal  sweep  on  the  face  of  the  cathode  ray  tube. 

4.  A  circuit,  often  a  part  of  the  sweep  circuit,  that  provides  a  voltage  pulse 
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Figure  69.  Bade  Block  Diagram  of  Cathode  Ray  Oietlloicope 


during  the  backiwlng  of  the  sweep.  This  pulie  li  uied  to  "blank"  the  oietlloicope  trace 
during  the  ipot  return. 


5.  A  synchronization  circuit  that  connects  the  vertical-amplifier  output 
with  the  sweep  circuit.  When  the  frequency  of  the  vertical  amplifier  It  greater  than  the 
sweep  frequency,  this  circuit  causes  the  sweep  to  be  driven  at  the  higher  Frequency, 

6,  A  low-voltage  power  supply  (about  300  volts)  that  supplies  plate  voltage 
to  the  vacuum  tubes  used  In  the  amplifiers,  sweep  circuits,  etc. 


7,  A  high-voltage  power  supply  (about  2000  volts)  that  supplies  the  accel¬ 
erating  voltage  placed  on  the  electrodes  of  the  electron  gun. 


Various  commercially  available  oscilloscopes  differ  In  the  amount  of  stabili¬ 
zation  of  their  power  supplies  and  amplifiers,  In  their  sensitivity  and  the  frequency- 
rosponse  curves  of  their  amplifiers,  In  the  arrangements  for  Increasing  the  rise  time  of 
their  amplifiers,  etc.  Some  oscilloscopes  are  made  with  modular  plug-ln  components, 
so  that  the  type  of  amplifiers  or  sweep  circuits  used  can  be  changed  easily. 

Some  oscilloscopes,  particularly  the  less  expensive  ones,  are  not  equipped 
with  d-c  amplifiers.  Their  frequency-response  curvet  usually  cut  off  at  about  2  cycles 
per  second  at  the  low  end.  These  oscilloscopes  will  not  follow  faithfully  the  relatively 
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slow  changes  associated  with  heart  contraction,  respiration,  and  other  physiological 
stimuli . 

II.  Use  of  Oscilloscope 
A.  Operating  Controls 

A  list  of  typical  oscilloscope  operating  controls  and  their  primary  functions  Is 
given  In  table  VII .  In  addition  to  operating  controls,  oscilloscopes  often  contain  hori¬ 
zontal  (X-axis)  Input  terminals,  vertical  (Y-axts)  Input  terminals,  an  external  synch 
Input  terminal  for  synchronizing  the  sweep  with  an  external  signal,  and  a  trigger  out¬ 
put  terminal  to  provide  a  synchronizing  pulse  for  other  oscilloscopes  and  recording 
instruments. 

For  ordinary  usage,  the  Intensity  is  adjusted  to  a  level  where  the  trace  can  be 
seen  easily,  and  the  focus  Is  adjusted  to  make  the  trace  as  thin  and  as  clear  as  pos¬ 
sible.  These  two  adjustments  Interact  usually,  so  that  when  one  Is  changed  the  other 
also  must  be  readjusted. 


TABLE  VII.  COMMON  OSCILLOSCOPE  CONTROLS  AND  THEIR  FUNCTIONS 


Control 

Function 

Intensity 

Varies  brightness  of  beam. 

Focus 

Ad|usts  focus  of  beam. 

Vertical  (Y)  Gain 

Varies  vertical  amplifier  sensitivity, 

Vertical  (Y)  Position 

Varies  Initial  position  of  beam  In  an  up  or 
down  direction. 

Horizontal  (X)  Gain 

Varies  horizontal  amplifier  sensitivity. 

Horizontal  (X)  Position 

Varies  Initial  position  of  boom  to  the  left  or 
right. 

Sweep  Range 

VarUt  frequency  range  of  Internal  sweep 
generator. 

Sync  Selector 

Selects  synchronization  signal  from  external 
sync  terminals,  60-cps  voltage,  or  from  verti¬ 
cal  amplifier. 

Sync  Level 

.  .... 

Varies  level  of  synchronizing  pulse. 

CATHCOL-  RAY  OSCILLOSCOPE 


Tha  sync  selector  generally  is  a  three-position  switch  which  is  used  to  feed  a 
synchronizing  pulse  Intc  the  time -base  (sweep  circuit)  generator  from  either  the  verti¬ 
cal  amplifier  (internal  sync  position),  an  external  voltage  souroe  (external  sync  posi¬ 
tion),  or  the  60-cyele  power  line  (line  syne  position).  Thus  It  Is  possible  to  synchronize 
the  horizontal  sweeping  frequency  with  any  of  these  three  sources.  To  obtain  proper 
synchronization,  the  sync  level  Is  set  at  zero  and  the  sweep  range  ts  adjusted  until  the 
sweep  frequency  Is  close  to  the  desired  frequency,  At  this  setting,  the  wave  displayed 
on  the  oscilloscope  gradually  drifts  to  one  side.  The  sync  level  then  ts  advanced  until 
the  wave  stands  still,  and,  at  this  point,  synchronization  is  completed. 

B.  Time-Base  Display 

In  most  applications,  oscilloscopes  are  used  with  a  linear  time-base  displace¬ 
ment  of  the  horizontal  axis.  When  the  frequency  of  the  phenomenon  to  be  displayed 
Is  greater  than  2  cycles  per  seoond,  the  time-base  generator  In  the  oscilloscope  is 
adequate .  However,  if  the  signal  frequency  of  Interest  Is  lower  than  2  cycles  per  sec¬ 
ond,  such  as  an  electrocardiogram  or  the  pressure  pulsations  In  a  blood  vessel,  a  com¬ 
plete  pattern  or  cycle  cannot  be  obtained  on  a  single  sweep,  without  resorting  to 
special  procedures.  A  linear  sweep  must  be  obtained  that  Is  ilow  enough  to  display 
two  or  three  complete  cycles  of  a  signal  having  a  frequency  of  less  than  2  cycles  per 
second , 

The  simplest  method  for  obtaining  a  slow  speed  ts  to  set  the  sweep  range 
control  for  external  capacitance, and  connect  a  capacitor  between  the  horizontal  Input 
terminal  and  ground,  This  external  capacitor,  which  should  range  In  value  between  2 
and  20  microfarads,  then  controls  the  sweep  frequency.  The  leakage  resistance  of  most 
electrolytic  capacitors  is  too  great  to  permit  a  linear  sweep.  As  a  result,  more  expen¬ 
sive  mica  or  oil-filled  capacitors  should  be  used, 

C.  X-Y  or  Function  Plotting 

If  an  Input  other  than  the  time-linear  voltage  of  the  sweep  generator  Is  used 
In  the  horizontal  input  of  an  oscilloscope,  the  waveform  displayed  will  be  a  function 
of  the  signals  applied  to  both  the  Y  and  the  X  axes  (two  variables).  For  example,  if  a 
signal  representing  the  length  of  a  muscle  Is  fed  to  the  X  axis  and  a  signal  representing 
the  muscle's  tension  is  applied  to  the  Y  axis,  the  result  will  be  a  length-tension  dia¬ 
gram  complete  in  all  details.  Vector  electrocardiographs  are  obtained  by  driving  the 
Y  axis  of  an  oscilloscope  with  the  electrocardiogram  sampled  from  electrodes  placed 
on  one  axis  of  the  body  and  driving  the  X  axis  with  an  electrocardiogram  simultane¬ 
ously  sampled  on  another  axis  of  the  body, 

D.  Multichannel  Operation 

Cathode  ray  oscilloscopes  ordinarily  are  single-channel  devices,  and  it  often 
is  necessary  to  observe  or  record  several  phenomena  simultaneously.  An  expensive  and 
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not  too  often  mod  remedy  to  thU  problem  ii  to  use  a  multigun  tube.  The  multibeam 
units  are  built  so  that  they  ean  be  used  together  with  a  single  sweep  generator,  or  they 
can  be  used  separately.  The  available  definition  and  brightness  of  the  traces  produced 
by  c  multigun  tube  are  excellent;  however,  the  number  of  available  display  channels  Is 
limited  to  the  number  of  guns  contained  In  the  tube. 

if  the  traces  do  not  have  to  be  physically  close  together  for  comparison,  two 
or  more  single-beam  oscilloscopes  may  be  set  side  by  side,  with  each  additional  oscil¬ 
loscope  synchronized  by  the  sync  output  trigger  of  the  first.  A  simple  and  relatively 
expensive  solution  to  the  problem  of  producing  a  multichannel  display  Is  to  use  an 
electronic  switch.  When  the  switched  Input  method  Is  used,  a  number  of  Inputs  are 
electronically  connected  In  sequence  to  the  horizontal  deflection  plates  of  a  single- 
gun  tube.  Each  Input  Is  exchanged  for  the  next  at  the  switching  frequency  so  that 
samples  of  each  Input  ore  obtained  at  a  frequency  equal  to  the  switching  frequency 
divided  by  the  number  of  channels.  The  highest  possible  sampling  frequency  should  be 
used  to  provide  a  large  number  of  short  samples  rather  than  a  small  number  of  long 
samples.  The  maximum  usable  switching  frequency  usually  Is  a  property  of  the  elec¬ 
tronic  switch . 

Ill .  Recording  With  the  Cathode  Ray  Oscilloscope 

The  phenomena  displayed  on  an  oscilloscope  can  be  recorded  on  film  In  three 
wayst  (1)  making  still  pictures  of  the  oscilloscope  face,  (2)  taking  moving  pictures, 
and  (3)  using  a  kymograph  camera. 

When  still  pictures  are  made,  the  oscilloscope's  time  base  generator  Is  used  to 
produce  a  horizontal  sweep, and  the  face  of  the  oscilloscope  Is  photographed  at  desired 
Intervals.  Although  this  method  is  inexpensive  and  easy  to  set  up,  still  pictures  do  not 
provide  a  continuous  record  of  data  versus  time . 

Motion  picture  photography  can  be  used  to  record  the  standard  oscillographic  dis¬ 
play.  However,  the  record  Is  on  film  and  can  only  be  displayed  by  protection.  It  does 
not  provide  a  convenient  record  that  can  be  studied  and  used  for  measurements. 

A  kymograph  camera  Is  a  device  used  to  convert  a  cathode-ray  tube  display  Into  a 
permanent  record  of  data  versus  time  on  recording  film.  When  a  kymograph  camera  Is 
used,  the  horizontal  sweep  of  the  oscilloscope  display  Is  eliminated,  leaving  only  ver¬ 
tical  deflections  of  the  electron  beam  which  are  caused  by  the  stimulus  being  moni¬ 
tored.  A  stilp  of  film  then  Is  continuously  pulled  past  the  face  of  the  oscilloscope  to 
generate  a  time  base.  The  result  Is  a  permanent  and  continuous  record  of  the  cathode- 
ray  tube  display. 
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AUDIO-VISUAL  PRESENTATION  DEVICES 

Section  I  Included  a  brief  dlicuulon  of  the  problem  of  monitoring  audio,  visual, 
and  environmental  data  In  conjunction  with  physiological  data.  While  It  Is  not  within 
the  scope  of  this  handbook  to  treat  fully  the  subject  of  sound  and  video  systems,  the 
following  paragraphs  will  cite  briefly  the  equipments  required  for  the  display  and  re¬ 
cording  of  voice  communications  and  visual  observations.  (The  presentation  of  envi¬ 
ronmental  data,  by  and  large,  can  be  accomplished  with  the  devices  already  described 
In  this  section.) 

I .  Audio  Devices 

The  basic  reproducer  or  transducer  in  an  audio  or  sound  system  Is  the  loudspeaker. 
For  simple  voice  communications,  requirements  for  the  reproducer  are  not  critical,  and 
speakers  with  frequency  responses  no  higher  than  a  few  kilocycles  will  suffice.  In  a 
reasonably  well-appointed  laboratory  or  telemetry  station,  an  existing  pub  lie -address 
system  may  be  conveniently  connected  Into  the  monitoring  system  to  reproduce  volee 
communications. 

If  a  record  of  the  voice  communications  Is  desired,  a  modest  audio  tape  recorder  Is 
adequate.  This  will  of  course  be  separate  from  the  tape  devices  used  to  record  physio¬ 
logical  data.  Disc  recorders  of  the  office-dictation  type  can  also  be  adopted  for 
recording  voice  communication  during  physiological  monitoring,  but  they  are  not  as 
suitable  as  tape,  either  In  terms  of  long-time  recording  or  quick  retrieval  of  selected 
parts  of  a  recording . 

II,  Visual  Presentation  Devices 

Simultaneous  visual  observation  of  a  monitoring  program  entails  the  use  of  a 
closed-circuit  television  pickup  and  display  system,  Television  display  devices  are 
comparable  to  the  familiar  broadcast  television  receiver  used  in  the  home.  Broadcast 
receivers  can  In  fact  be  adapted  to  use  In  a  closed-circuit  system,  where  low-power 
radio  transmission  at  broadcast  frequencies  wll  I  not  Interfere  with  commercial  broad¬ 
casting. 

More  common,  however,  are  video  monitors  designed  especially  for  closed-circuit 
display.  Video  monitors  contain  only  the  video  circuits  and  kinescope  display  tube; 
the  radio-frequency  circuits  associated  with  transmission  of  the  picture  signal  are 
either  unnecessary  or  are  Included  in  other  components  In  the  system.  Monitors  are 
available  ranging  In  complexity  and  expense  from  high-resolutlon  broadcast-studio 
types  to  relatively  cheap  Industrial  television  units,  where  picture  quality  has  been 
compromised  for  simplicity,  ruggedness,  and  lower  cost. 
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Recording  of  visual  data  from  a  television  system  Is  done  In  two  ways.  The  sim¬ 
plest  Is  photographing  the  display  of  a  television  monitor  with  a  motion-picture  cam¬ 
era.  This  will  entail  some  loss  of  picture  quality  between  the  Initial  television  display 
and  the  pro|ected  picture  obtained  with  the  film,  even  under  the  best  conditions  of 
filming,  The  other  method,  video  tape  recording,  will  preserve  an  electronic  signal 
that  guarantees  a  video  display  of  as  good  quality  as  the  video  system  was  capable  of 
obtaining  Initially.  But  video  tape  recorders  are  complex,  expensive  Instruments,  and 
their  use  would  be  Inconsistent  In  any  but  the  most  sophisticated  monitoring  system. 
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MAGNETIC  TAPE  RECORDING 

i\„,  ••  ■  •  _■ 

I.  Application  to  the  Measurement  Situation 

Magnetic  tape  recording  provides  a  means  for  holding  or  storing  experimental  data 
In  a  compact,  readily  available  form.  In  the  overall  measurement  situation,  magnetic 
recording  Is  an  Intermediate  process  that'  Is  used  at  the  same  point  In  a  monitoring  sys¬ 
tem  as  the  data  transmission  or  telemetry  link.  Data  therefore  are  recorded  In  their 
original,  electrical  form  and,  for  Interpretation,  must  be  converted  to  visual  form  by 
feeding  the  recording  Into  the  customary  graphic  display  and  recording  equipment. 

The  greatest  value  of  magnetic  tape  recording  Is  that  It  can  capture  .experimental 
data  In  real  time  (during  the  actual  measurement)  with  a  minimum  of.  Instrumentation. 
As  a  result,  there  Is  great  flexibility  In  the  subsequent  display,  Interpretation,  or  other 
processing  of  the  data.  If  all  these  steps  were  to  be  accomplished  In  real  time,  each 
measurement  would  have  to  be  planned  carefully  In  advance  and  the  Instrumentation 
required  would  be  necessarily  more  complex.  For  example,  tape  recorders  can  be 
packaged  In  compact,  rugged  units  for  use  In  extreme  environments  (excepting  severe 
angular  accelerations)  at  remote  locations.  So  used,  they  can  either  (1)  eliminate  the 
need  for  telemetry,  or  (2)  permit  telemetry  transmission  at  some  time  later  than  the 
actual  measurement. 

More  Important,  perhaps,  Is  the  capability  of  repeating  the  experiment  as  often  as 
desired  once  the  experimental  data  are  recorded  on  tape.  Repeated  visual  or  aural 
display  Is  permitted,  as  are  repeated  computer  processing  operations.  Further,  by  using 
different  tape  speeds  for  reproducing  than  were  used  for  recording,  time  bases  can  be 
readily  changed:  hours  of  recording  can  be  compressed  Into  minutes,  or  high-speed 
phenomena  can  be  reproduced  at  slower  speeds  for  more  detailed  study. 

There  are  three  basic  magnetic  recording  techniques  suitable  for  recording  physi¬ 
ological  data:  (1)  direct,  (2)  Indirect  (or  FM  subcarrier),  and  (3)  digital  (or  pulse 
code).  The  components  required  for  recording  and  playback  are  noted  below  (see  fig¬ 
ure  70): 


1.  Signal  conditioners,  both  Input  and  output. 

2.  Magnetic  heads  for  recording  and  reproduction. 

3.  Magnetic  tape,  the  recording  medium. 

4.  The  tape  transport,  to  move  the  tape  past  the  heads  at  a  controlled  rate. 
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Direct  recording  Is  recording  In  the  magnitude  domain,  and  It  has  two  major  draw¬ 
backs.  First,  steady  or  slowly  changing  signal  levels  cannot  be  recorded  by  this  process; 
second,  precise  recording  of  amplitude  variations  Is  always  subject  to  distortion  because 
of  certain  uncontrollable  characteristics  in  the  magnetic  materials  used  in  magnetic 
tapes.  For  these  reasons,  Indirect  (FM)  and  digital  recording  techniques,  working  In 
the  time  domain,  are  more  often  used  when  highly  accurate  recordings  (including  dc 
and  low  frequency)  are  required. 

Following  a  discussion  of  baste  recording  principles,  the  various  recording  tech¬ 
niques  are  described  and  component  factors  are  noted  In  further  detatl . 

II,  Basic  Recording  Principles 

In  all  types  of  magnetic  recording,  the  signal  to  be  recorded  generates  and  con¬ 
trols  an  electromagnetic  flux  field,  and  this  flux  fluid  changes  tho  arrangement  of 
magnetic  material  in  the  tape  permanently  or  semipermanently.  (See  figure  71 .)  The 
signal  to  be  recorded  Is  applied  to  the  colls  of  a  circular  electromagnet  whose  poles 
are  separated  by  a  narrow  gap.  When  signal  current  flows  through  the  coll,  a  field  of 
magnetic  flux  iines  Is  generated  in  the  magnet  which  crosses  the  gap  in  the  manner 
shown . 

Magnetic  recording  occurs  at  this  gap  when  the  recording  medium  Is  drawn  through 
the  flux  field.  The  medium  Is  a  plastic  tape  with  a  thin  coating  of  magnetic  material 
on  one  side,  usually  Iron  oxide.  Before  exposure  to  the  flux,  the  magnetic  material 
essentially  Is  neutral;  when  passing  the  grip,  It  Is  magnetized  to  a  degree  proportional 
to  the  amount  of  flux  present,  and  this  magnetization  Is  retained  as  the  record. 

The  magnetic  flux  at  the  gap  Is  directly  proportional  to  the  current  signal  In  the 
colls  i.e.,  fi  =  KNI,  where  I  and  N  are  the  current  and  the  number  of  turns  In  the 
coil,  and  K  is  a  constant.  The  residual  magnetism  left  on  the  tape,  however,  after  It 
Is  removed  from  the  field  is  always  less  than  and  It  Is  not  linearly  proportional  to 
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Figure  71 ,  Magnetic  Recording  Head  Arrangement 

thii  is  because  of  hysteresis,  a  nonl  (near  property  of  magnetic  materials.  Thus,  fora 
change  in  flux  from  extreme  negative  to  extreme  positive,  the  residual  magnetism,  Mr, 
transferred  to  a  tape  Is  approximately  as  shown  in  figure  72.  The  curve  in  figure  72 
actually  Is  an  average  curve,  because  with  the  phenomenon  of  hysteresis,  there  ts  a 
definite  range  of  values  for  Mr  obtainable  for  any  one  value  of  fi.  Also,  It  might  be 
noted  that  the  curve  Is  linear  over  those  values  of  fi  somewhat  removed  from  zero  and 
below  (or  above)  the  plateaus  of  positive  (and  negative)  saturation.  By  using  a  high- 
frequency  bias  signal  to  maintain  the  flux  field  somewhere  between  zero  and  satura¬ 
tion,  a  linear  recording  of  slow-varying  input  signals  can  be  obtained  (ref.  58). 

Recording  normally  Is  a  time-based  or  amplltude-versus-tlme  function,  and  In 
magnetic  recording  the  time  base  is  derived  from  the  ordered  movement  of  the  tape 
through  the  magnetic  field  at  the  gap.  The  residual  magnetism  left  on  any  portion  of 
the  tape  is  an  absolute  value  depending  upon  the  level  of  the  flux  across  the  gap  at  the 
time  that  the  tape  ts  about  to  move  out  of  the  gap  field.  The  speed  of  tape  movement 
is  critical  to  the  accurate  recording  of  a  varying  intelligence  signal  and  must  be 
closely  related  to  the  rate  of  change  or  frequency  of  the  Intelligence  signal.  There  ts 
a  maximum  amount  of  intelligence  (number  of  flux  changes)  that  can  be  Impressed  upon 
a  tape  without  overlapping.  The  maximum  of  flux  reversals  that  can  be  recorded  on  a 
tape  is  about  4000  per  inch,  or  2000  cycles  per  inch  (ref.  48).  This  means  that  to  re¬ 
cord  a  signal  with  30,000-cps  frequency  components,  the  tape  would  have  to  move  past 
the  gap  at  a  speed  of  15  inches  per  second. 

When  reproducing  a  magnetic  recording,  not  just  the  tape  speed  but  the  width  of 
the  gap  as  well  must  be  closely  related  to  the  rate  of  change  or  frequency  of  the 
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Figure  72.  Residual  Magnetism  (Mr)  Produced  by  Flux  (^) 


recorded  signal .  The  reproduce  head  Is  passive  (not  active  like  the  record  head).  It 
does  not  change  the  residual  magnetism  on  the  tape,  but  does  respond  to  the  average 
flux  value  of  that  portion  of  the  tape  present  at  the  gap  In  the  otrcular  magnet  In  the 
reproduce  head.  Thus,  the  output  voltage  that  Is  generated  In  the  colls  of  the  magnet 
is  determined  not  by  the  magnitude  of  the  flux  field,  but  by  the  time  rate  of  the  change 
of  the  flux.  That  is, 

Eout  -  KN 

or  the  output  voltage  Is  proportional  to  the  derivative  of  the  flux  within  the  magnetic 
gap. 


Therefore,  If  there  Is  no  change  In  the  magnitude  of  the  flux  (no  change  In  the 
recorded  signal  level),  there  is  no  output.  Similarly,  because  this  is  an  averaging 
phenomenon,  the  gap  of  the  reproduce  head  must  be  kept  quite  narrow  with  respect  to 
wavelength.  If  the  gap  Is  too  wide  (approaching  one  wavelength),  offsetting  flux 
changes,  such  as  the  positive  and  negative  swings  of  a  sinusoid,  will  not  be  repro¬ 
duced,  since  their  average  value  over  the  region  In  which  they  are  recorded  Is  zero. 

For  a  constant-current  recording,  this  type  of  frequency-sensitive  reproduction 
also  causes  the  output  voltage  from  the  reproduce  head  to  Increase  directly  with  fre¬ 
quency.  This  effect  can  be  compensated  for  by  applying  the  head  output  to  an  ampli¬ 
fier,  called  an  equalization  circuit,  with  Inverse  characteristics;  i.e.,  the  amplifier 
output  decreases  as  the  Input  frequency  Increases. 

As  with  most  other  signal -handling  stages  In  a  system,  the  magnetic  tape  recorder 
is  designed  with  a  relatively  high  input  impedance  of  about  10, 000  ohms  and  a  low 
output  impedance  of  about  100  ohms.  It  produces  normal  recording  levels  with  an 
Input  signal  voltage  of  about  1  volt,  and  It  delivers  an  output  at  about  the  same  level . 
The  frequency  response  Is  a  function  of  the  tape  speed.  For  a  portable  Instrumentation 
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recorder  such  as  shown  in  figure  73,  the  direct  recording  frequency  response  may  vary 
from  50  to  5000  cps  at  1-7/8  Inches  per  second  to  50  to  40,000  cps  at  15  Inches  per 
second. 


Amp**  Coip,,  Redwood  City,  Calif, 

Figure  73.  Typical  Four-Channel  Recorder 
III.  Magnetic  Recording  Techniques 
A.  Direct  Recording 

The  basic  recording  principles  just  described  are  fundamental  to  all  magnetic 
recording,  and  different  techniques  are  but  adaptations.  Atypical  direct-recording 
system  Is  shown  In  figure  74. 

The  changing  data  voltage  Is  converted  to  a  changing  current  at  the  input 
amplifier  at  a  level  high  enough  to  operate  the  recording  head.  The  bias  oscillator 


123 


SPECIAL  SYSTEM  DEVICES 


generates  a  high-frequency  bias  current  (about  100, 000  cycles  per  second)  to  ensure 
linear  recording,  and  the  two  currents  are  added  In  the  bias  filter  and  applied  to  the 
coll  In  the  recording  head. 

The  recording  head  converts  the  changing  current  Into  varying  magnetic  flux, 
changing  the  residual  magnetism  on  the  magnetic  tape  as  it  moves  past  the  recording 
head.  This  magnetism  on  the  tape,  In  turn,  produces  a  change  In  the  output  voltage 
from  the  reproducing  head  that  ts  proportional  to  the  rate  of  change  of  flux  In  the 
reproduce  head. 

This  changing  voltage  Is  preampllfledand  applied  to  an  equalization  amplifier 
to  linearize  the  amplitude-frequency  response.  Part  of  the  output  should  be  fed  back 
to  a  phase -equalizing  circuit  if  frequency- or  phase -modulated  subcarrlers  are  being 
recorded  to  compensate  for  nonlinear  phase  response  near  the  limits  of  the  recording 
passband.  The  signal  is  finally  applied  to  an  output  amplifier  to  be  raised  to  a  level 
adequate  to  drive  visual  display  or  graphic  recording  devices. 


DATA 

SIGNAL 


Figure  74.  Direct  Recording  Electronics 
B.  Indirect  Recording 

One  of  the  drawbacks  of  the  direct-recording  process  ts  that  very  low  fre¬ 
quencies  cannot  be  recorded.  A  much  used  Instrumentation  tochnlque  to  overcome  this 
limitation  ts  called  frequency-modulation  recording.  In  this  method,  the  signal  to  be 
recorded  is  applied  to  a  modulator  where  It  frequency  modulates  a  higher  frequency 
carrier,  and  the  modulated  carrier  then  Is  applied  as  an  Input  to  a  direct-recording 
device.  On  playback,  the  output  from  the  reproduce  electronics  Is  demodulated  and 
filtered  to  remove  the  carrier  frequency.  (Refer  to  section  V  for  a  discussion  of  fre¬ 
quency  modulation.) 
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This  technique  permits  recording  down  to  dc  (0  cycle  per  second).  However, 
other  requirements  governing  FM  recording,  notably  the  limit  on  the  maximum  devia¬ 
tion  of  the  carrier  frequency  (normally  40  percent),  reduce  the  overall  bandwidth  or 
frequency  response  of  FM  recording  at  compared  to  the  frequency  response  of  the  same 
Instruments  for  direct  recording.  For  example,  the  portable  Instrument  shown  In  figure 
73  when  used  for  FM  recording  has  a  frequency  response  that  varies  from  0  to  only  312 
cps  at  1-7/8 Inches  per  second,  and  from  0  to  2500 cps  at  15  Inches  per  second.  Higher 
frequency  response  Is  attainable;  larger  and  more  versatile  equipment,  with  tape  speeds 
of  60  Inches  per  second,  have  responses  up  to  20, 000  cycles  per  second. 

C.  Digital  Recording 

Magnetic  recording  of  data  that  has  been  encoded  In  pulse  format  Is  most 
often  used  with  binary  digital  coded  PCM  data.  Such  date  may  be  recorded  serially  on 
one  tape  track  or  In  parallel,  using  several  tracks,  one  for  each  digit  In  the  code. 
(Refer  to  section  VI  for  a  discussion  of  these  digital  data  techniques.) 

Digital  recording  Is  designed  about  the  binary  coding  format.  In  binary  form, 
all  data  Is  coded  as  +  or  -,  1  or  0.  For  recording,  therefore,  the  analogous  states  are 
two  levels  of  magnetic  flux  saturationi  such  as  full  saturation  first  In  one  direction  and 
then  the  other,  or  full  saturation  and  neutral  (or  some  predetermined  bias  level).  There 
are  three  basic  techniques  for  binary  coding  (see  figure  75)  i 

Return -to-Zero  (RZ).  In  this  method  the  tape  normally  Is  magnetically 
neutral,  and  each  pulse  or  bit  In  the  code  produces  saturation  In  one  di¬ 
rection  or  the  other,  depending  on  whether  the  bit  Is  1  or  0. 

Non-Return-to-Zero  (NRZ).  In  this  method  the  tape  Is  always  saturated 
In  one  direction  or  the  other,  and  the  polarity  changes  each  time  a  bit 
occurs  that  Is  different  In  polarity  from  the  preceding  bit.  A  variant  of 
this  method  has  the  polarity  change  each  time  a  1  bit  occurs. 

Return-to-Blas  (RB).  In  this  technique  the  tape  is  normally  at  a  prede¬ 
termined  (biased)  flux  level,  and  the  flux  swings  positive  each  time  a  1 
bit  appears  (and  then  returns  to  the  bias  level). 

Signal  conditioning  for  all  these  techniques  entails  driving  the  recording  head 
to  saturation,  with  the  output  of  such  bistable  pulse  circuits  as  flip-flops.  For  repro¬ 
duction,  the  differential  output  from  the  reproduce  head  must  ultimately  drive  another 
bistable  device  to  restore  the  binary  pulse  train. 

1 .  Serial  Recording 

Except  for  the  special  signal  conditioning  required  for  saturation  record¬ 
ing,  serial  recording  requires  no  special  tape  recording  techniques.  A  direct  recording 
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Figure  75.  Pulse  Train*  for  Typical  Binary  Value  (01100101) 

lyitem  may  be  employed,  with  the  only  requirement  being  that  the  upper  frequency 
limit  of  the  lystem  I*  at  leait  one  half  of  the  pulie  per  lecond  Information  rate.  Thu* 
If  the  pulie  or  bit  rate  li  60, 000  per  second,  a  lyitem  with  a  30, 000-cps  range  could 
handle  It,  using  NRZ  recording.  (The  30, 000-cps  rate  mean*  a  flux  reversal  rate  of 
60, 000  per  second.) 

Obviously,  serial  recording  of  PCM  data  makes  full  use  of  the  Informa¬ 
tion  storing  capability  of  magnetic  tape.  Further,  such  recording  Is  extremely  accu¬ 
rate,  being  relatively  free  from  data  loss  or  distortion  caused  by  tape  speed  variations. 
One  possible  source  of  error  In  serial  recording  Is  tape  dropout.  Tape  dropout  Is  the 
loss  of  flux  resulting  when  an  Imperfection  In  the  surface  of  the  tape  displaces  the  tape 
from  the  record  or  reproduce  head  enough  to  permit  loss  of  flux  contact  between  head 
and  tape.  If  the  pulse  rate  (pulses  per  Inch  of  tape)  Is  high  enough,  dropout  could 
mean  the  loss  of  one  or  more  significant  bits  In  a  binary  code,  producing  a  wrong  data 
signal.  Reliability  can  be  Increased  by  redundant  recording  of  the  PCM  data  on  two 
parallel  tracks, 

2.  Parallel  Recording 

In  parallel  recording  of  PCM  data,  each  digit  In  the  binary  code  Is 
handled  In  a  separate  channel,  so  that  a  whole  code  group  or  binary  word  Is  recorded 
simultaneously  across  the  width  of  the  tape,  rather  than  In  sequence  along  the  length 
of  the  tape,  as  In  direct,  serial  recording.  Therefore,  as  many  tape  tracks  are  re¬ 
quired  as  there  are  significant  bits  In  the  binary  code  (plus  additional  tracks  for  clock 
pulses  and  parity  check  pulses)  resulting  In  relatively  poor  tape  utilization.  Parallel 
recording  Is  an  extremely  useful  technique,  however,  with  digital  computer  operations. 
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Like  serial  recording,  parallel  recording  of  PCM  data  has  an  Inherent 
capability  of  high  accuracy,  being  little  affected  by  tape  speed  variations.  Error  may 
still  be  Introduced  by  tape  dropout  and  by  tape  skewing.  Tape  skew  refers  to  the 
longitudinal  shifting  of  the  parallel  tracks  on  the  tape  because  of  changes  In  tape 
transport  tension.  This  shifting  can  cause  loss  of  the  proper  time  relationship  between 
the  parallel  tracks.  Tape  skew  Is  probably  the  greatest  factor  limiting  the  pulse  rate 
that  can  be  recorded  without  error . 

D .  Predetecttoh  Recording 

Another  useful  technique  In  magnetic  tape  recording  Is  the  recording  of 
telemetry  data  before  the  removal  of  the  r-f  carrier.  Sometimes  called  predetection 
recording,  It  puts  telemetry  data  on  tape  for  storage  tn  essentially  transmitted  form  — 
usually  after  conversion  tn  a  receiver  to  a  lower,  intermediate  frequency,  but  before 
detection  and  removal  of  all  carrier  components,  as  opposed  to  recording  of  r-f  de¬ 
tected  subcarrter  frequencies  (ref.  48). 

Predefection  recording  has  only  been  possible  since  the  Introduction  of  re¬ 
cording  systems  with  extremely  wide  bandwidth  (1  million  cycles  a  second  and  higher). 
There  are  two  basic  systems  used  for  predetection  recording.  One,  the  longitudinal 
system,  uses  equipment  much  like  that  employed  for  direct  or  PM  recording;  the  In¬ 
creased  bandwidth  (up  to  1  megacycle)  Is  achieved  by  Increasing  the  tape  speed  to  120 
Inches  per  second  and  by  Increasing  the  longitudinal  resolution  of  the  recorder  (by  re¬ 
ducing  the  width  of  the  gap  In  the  reproduce  heads). 

For  recording,  the  telemetry  data  are  taken  from  the  output  of  the  Intermedi¬ 
ate-frequency  stage  of  a  receiver  (at  about  5  megacycles)  and  heterodyned  down  to 
about  1  megacycle  and  recorded.  For  the  playback  of  the  recorded  data,  the  signal  Is 
taken  from  the  reproduce  circuits  of  the  recorder  and  mixed  with  the  same  oscillator 
frequency  used  for  recording  to  restore  the  5-megacycle  Intermediate  frequency.  The 
data  are  then  fed  back  Into  the  receiver  for  subsequent  carrier  and  subcarrier  detection 
and  channel  separation. 

The  second  predeteetton  system  uses  equipment  similar  to  that  first  developed 
for  video  tape  recording.  Known  as  transverse  recording,  the  magnetic  heads  rotate  to 
scan  the  tape  laterally  as  It  moves  past  the  heads  longitudinally.  By  this  technique, 
head-to-tape  speeds  In  excess  of  1000  tnehes  per  second  can  be  attained,  and  the 
longitudinal  tape  speed  can  be  adjusted  to  yield  proper  track  spacing  between  the 
lateral  leans.  Bandwldths  up  to  5  megacycles  are  attainable,  so  that  Intermediate  fre¬ 
quencies  from  a  receiver  maybe  recorded  dlrectlywlthout  further  conversion  to  a  lower 
frequency. 


SPECIAL  SYSTEM  DEVICES 


IV.  Component  Factor* 

A.  Magnetic  Heads 

Figure  76  shows  a  typical  seven-track  magnetic  head.  Each  channel  Is  served 
by  an  Identical  core  piece,  which  is  composed  of  two  core  halves  of  material  with  high 
magnetic  permeability.  Both  halves  are  wound  with  an  Identical  number  of  turns  of 
wire  to  form  the  electromagnetic  coll.  More  turns  of  finer  wire  generally  are  used  on 
the  reproduce  head,  where  the  output  from  the  head  Is  directly  proportional  to  the 
number  of  turns.  The  two  hulve*  are  separated  by  two  gaps,  which  are  filled  with  non¬ 
magnetic  separators.  One  jap  contacts  the  magnetic  tape  under  the  head,  where 
recording  and  reproducing  occur;  the  other  gap  Is  designed  to  maintain  magnetic  sym¬ 
metry  of  the  core  halves,  In  a  record  head,  the  gap  width  Is  fairly  standardised  at 
about  1/2  mil;  In  a  reproduce  head,  the  gap  normally  ts  much  narrower  (about  1/12 
mil)  (ref.  58). 

The  cores  for  separate  channels  are  separated  by  Mu-metal  shields  to  prevent 
ihteraoupllng  between  adjacent  cores  and  colls.  The  standard  spacing*  for  magnetic 
recording  are  as  follows!  each  track  on  the  tape,  50  mils;  center -to-cen ter  track 
spacing,  70  mils;  and  center-to-eenter  head  core  spaaing,  140  mils.  Therefore,  to 
record  seven  50-mtl  tracks  on  a  1/2-Inch  tape,  two  head  stacks  must  be  used  on  the 
record  head,  with  channels  or  tracks  Interleaves  as  Indicated  In  figure  77.  This 
arrangement  naturally  produces  an  offset  between  the  two  stacks,  and  this  distance 
must  be  maintained  uniform  to  establish  the  relative  timing  between  the  traoks  recorded 
on  the  separate  stacks .  Thus,  for  the  simultaneous  playback  of  all  seven  channels 
shown  In  figure  77,  with  a  distance  between  the  stacks  of  1 .5  Inches  and  a  tape  speed 
of  15  Inches  per  second,  the  data  recorded  on  tracks  1,  3,  5,  and  7  will  precede  the 
data  on  tracks  2,  4,  and  6  by  exactly  1/10  seoond. 
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Figure  76.  Seven-Channel  Magnetic  Head  (Single  Stack) 
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Ftjgurs  77.  Seven-Channel  Magnetic  Head  (Two  Stacks,  Interleaved) 

Initead  of  using  double -stacked  recording  heads,  adequate  Intertrack  spacing 
Is  possible  simply  by  employing  wider  tape.  With  a  1-lhcih  wide  tape,  seven  traoks 
can  be  recorded  without  Interleaving,  using  a  recording  head  with  a  single  stack  of 
seven  magnetic  cores. 

Double-stack  recording  heads  for  the  digital  recording  of  data  cannot  use 
Interleaved  tracks,  because  It  Is  essential  that  the  digital  data  In  each  channel  making 
up  the  digital  code  be  recorded  In  parallel  (Including  the  redundant  channels  and  the 
parity  check  channel).  However,  because  the  dynamic  range  Is  not  so  great  and  the 
channel  crosstalk  problem  Is  proportionally  smaller,  the  cores  can  be  spaced  much 
closer  together  for  digital  recording.  Therefore,  as  many  as  sixteen  tracks  can  be  re¬ 
corded  on  1  -Inch  tape  with  a  single-stack  head. 

After  proper  spacing,  probably  the  next  most  Important  feature  in  the  con¬ 
struction  of  tape  heads  Is  the  finish  of  the  surface  that  contacts  the  tape  for  recording 
and  reproduction.  The  general  contour  Is  a  gentle  curve  to  minimize  Interaction  be¬ 
tween  the  magnetic  core  elements  and  portions  of  the  tape  which  do  not  lie  within  the 
gap  region.  This  surface  must  be  polished  to  a  very  smooth  finish  so  that  uniform,  Intl- 
mata  contact  Is  maintained  with  the  tape,  and  tape  dropout  Is  minimized. 

B.  Tape  Transports 

The  tape  transport  Is  the  mechanism  that  moves  the  tape  past  the  magnetic 
heads  of  the  magnetic  recorder.  The  most  Important  consideration  In  the  design  of  a 
tape  transport  Is  constant  tape  speed  —  smooth,  linear  motion  of  the  tape  past  the 
magnetic  heads.  The  principal  parts  of  the  transport  are  shown  In  figure  78. 

The  magnetic  tape  Is  wound  on  the  takeup  reel  which  Is  driven  by  a  motor 
during  recording  or  reproduction.  The  supply  reel  Is  used  for  storing  the  tape  when  It 
Is  not  In  use  on  the  recorder.  (This  reel  also  has  a  motor  for  rewinding  the  tape  after 
recording  or  reproduction.)  Both  reels  have  brakes  to  decelerate  the  reel  smoothly  and 
quickly  when  the  driving  motor  Is  turned  off. 
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Figure  78.  Basic  Tap*  Transport  Mechanism 

Tht  capstan  and  Idler  control  th*  spaed  of  tap*  motion.  The  capstan  Is  driven 
by  a  constant-speed  motor,  and  It  supplies  friction  drive  to  th*  tape,  which  Is  pressed 
against  the  capstan  by  th*  spring-loaded  Idler. 

Accessories  to  th*  baste  drive  Include  the  tape  tension  arm,  which  Is  spring- 
loaded  to  take  up  any  slack  tap*  between  the  capstan  and  the  takeup  reel,  and  th* 
Inertia  wheel,  which  smooths  out  variations  In  tap*  spaed  resulting  from  Irregular  mo¬ 
tion  of  the  supply  reel . 

Variations  In  tape  spaed  are  called  flutter  or  wow.  Since  the  reproduction 
procasi  In  magnetic  recording  Is  a  frequency-sensitive  phenomenon,  these  spaed  vari¬ 
ations  are  obviously  ob|ectlonable,  because  they  appear  to  the  reproduce  head  as 
changes  In  the  frequency  of  the  recorded  signal.  Flutter  and  wow  therefore  appear  as 
noise  In  an  FM  recording,  as  errors  In  pulse  recording,  and  as  a  general  distortion  of 
the  time  base  In  any  type  of  recording. 

Speed  variations  can  be  caused  by  many  factors,  among  them  Irregularities  In 
the  capstan,  In  drive  pulleys,  or  In  the  bearings  of  the  drive  motors  for  the  reels  or  the 
capstan.  Variations  In  tap*  tension,  or  tape  srretch  caused  by  temperature  and  humid¬ 
ity,  also  can  Introduce  speed  errors.  Similarly,  changes  In  power  supply  frequency  can 
affect  th*  synchronous  motor  that  drives  the  capstan. 

Speed  variations  are  minimized  by  caraful  design  and  manufacture  of  tape 
transport  components  and  by  regulation  of  recorder  power  supplies.  Speed  variations 
also  can  be  overcome  by  special  components  In  the  more  sophisticated  Instruments. 
One  technique  Involves  a  servo-type  speed  control.  In  such  a  system,  one  recording 
track  Is  reserved  for  recording  an  accurate,  constant-frequency  signal  (usually  60 
cycles)  along  with  the  data.  (Usually  this  Is  a  60-cycle  tone,  which  modulates  a  high- 
frequency  carrier  on  th*  control  channel.  During  playback,  th*  control  signal  Is 
demodulated,  and  the  60-cycl*  signal  Is  recovered  for  the  speed  control  operation.) 
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During  playback,  this  reference  signal  is  compared  with  a  second  reference  source  of 
the  same  frequency  In  a  phase  comparator.  Any  difference  in  phase  produces  an  error 
signal  that  is  applied  to  the  drive  motor  of  the  capstan  to  correct  the  capstan  speed  so 
that  the  played-back  reference  signal  is  maintained  at  the  proper  frequency. 

Most  recorders  for  instrumentation  are  designed  for  several  applications, 
involving  several  different  frequency  ranges.  For  this  purpose,  tape  transports  normally 
are  made  to  operate  at  several  different  tape  speeds.  The  more  common  are  1-7/8, 
3-3/4,  7-1/2,  15,  30,  and  60  Inches  per  second. 

Similarly,  depending  upon  the  number  of  tracks  to  be  recorded,  the  tape 
transports  are  designed  to  handle  tapes  that  are  either  1/4,  1/2,  or  1  inch  wide.  Reel 
sixes  vary  from  7  to  10-1/2  to  14  or  more  Inches,  with  tape  capacity  depending  on 
whether  1-mil  or  1-1/2-mll  tape  is  used.  A  10-1/2-Inch  real  wilt  hold  2500  feet  of 
1-1/2-mll  tape,  which  would  yield  16  minutes  of  recording  time  at  30  Inches  per  sec¬ 
ond.  The  same  reel  could  hold  about  3600  feet  of  1  -mil  tape,  with  about  24  minutes 
of  recording  at  the  same  tape  speed. 

C.  Typical  Performance  Parameters 

The  operating  characteristics  which  must  be  considered  In  selecting  a  mag¬ 
netic  tape  recorder  are  noted  below,  and  the  performance  specifications  for  a  typlaal 
instrumentation  recorder  are  listed  In  table  VIII. 

1.  Frequency  response.  The  frequencies  that  can  be  recorded  and  repro¬ 
duced  by  the  recorder  system,  usually  stated  for  each  tape  speed  at  the  normal  oper¬ 
ating  level, 


2.  Signal -to -noise  ratio.  Ratio  of  rms  noise  level  to  output  signal,  usually 
measured  at  output  of  a  bandpass  filter  for  the  range  of  frequencies  specified  above. 

3.  Harmonic  distortion.  Harmonic  frequencies  produced  by  nonlinear  oper¬ 
ation  of  the  recorder.  The  amplitude  of  the  distortion  is  usually  a  function  of  the 
amplitude  of  the  Input  signal,  and  It  Is  expressed  as  a  percentage  difference  between 
the  input  and  the  recorded  signal . 

4.  Input  level.  The  signal  amplitude  in  volts  required  to  produce  normal 
recording  lovel . 

5.  Output  level.  The  signal  amplitude  In  volts  that  the  reproduce  elec¬ 
tronics  will  deliver  into  a  specified  load. 

6.  Input  Impedance,  The  resistive  load  that  the  recorder  presents  to  a 
transducer  or  other  Input  device. 
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TABLE  VIII.  TYPICAL  INSTRUMENTATION  RECORDER 
PERFORMANCE  SPECIFICATIONS* 


Tap*  Speedai 


80,  30,  18,  7-1/a,  3-3/4, 
and  1-7/8  Ipa 


Sp**d  Deviation 

(Long  Term);  *0. 88%  max. 

Flutter: 


DIRECT  RECORD/REPRODUCE  MODE 


Fr*qu*ncy  R*apona«: 
RMS  B/N  Ratio: 


Tap*  Spaed 


M  Sp*« 


Bandwidth 
(+3  db) 


8/N 

Ratio 


60 

300  ops  »  300  kc 

38  db 

30 

160  epa  -  160  ko 

38  db 

16 

100  opa  -  78  ke 

30  db 

7-1/8 

60  opa  -  38  ko 

88  db 

3-3/4 

80  opa  >  10  ko 

86  db 

1*7/8 

80  opa  -  10  kc 

88  db 

Input  Level: 

Input  Impedance: 
Output  Levali 
Output  Impadano*: 
Harmonic  DUtortlon: 


1. 0  volt  rm*  nominal. 

80K  ohm*  raalatlv*,  minimum. 

1. 0  volt  rmi  nominal,  acroa*  600  ohma  or  graater  load, 
L*aa  than  80  ohma. 

Leaa  than  1. 0 %  total  a!  a  60-ko  algnal,  at  60  lpa. 


FM  RECORD/REPRODUCE  MODE 


Fr*qu*ncy  Reapomo: 
RMS  B/N  Ratio: 
Harmonic  Dlatcrtlon: 


Input  Level: 

Input  Imp*  Mice: 
Output  Level: 
Output  Impedance: 


Tap*  Speed 
(lp*) 

60 

30 

18 

7-i/a 

3-3/4 

1-7/8 


1.0  volt  rm*  lor  ±40%  deviation 
aOK  ohma  raetatlve,  minimum. 

1.0  volt  rmi,  acroai  10K  ohma  or  greater  load 
1000  ohmo,  unbalanced  to  ground. 


Frequancy  Raaponaa 
(+1.0  db) 

S/N 

Ratio 

Total 

Harmonic 

Dlatortlon 

0  -  30, 000  epa 

44  db 

1.8% 

0  -  10, 000  opa 

44  db 

1.8% 

0  -  8, 000  epa 

48  db 

1.8% 

0-8,  BOO  epa 

48  db 

1.8% 

0  -  1,360  epa 

40  db 

8.0% 

0  •  688  epa 

40  db 

8.0% 

•Ampax  Model  .FR-100C,  AmpexCorp. ,  Redwood  City,  Calif. 
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7.  Output  impedance.  The  impedance  which  the  recorder  vy II I  present 
across  the  terminals  of  the  following  stage. 

8.  Drift.  In  FM  recording,  the  percentage  of  change  in  carrier  deviation, 
for  a  specified  operating  period. 

9.  Flutter.  The  variation  In  tape  speed,  usually  specified  as  the  percentage 
of  cumulative  peak-to-peak  flutter  components  actually  recorded  over  the  bandwidth 
at  each  tape  speed. 

TIMING  DEVICES 

Timing  devices  perform  four  basic  functions  In  physiological  monitoring  systems t 
(1)  they  supply  an  accurate  reference  time  base  for  experimentation,  (2)  they  provide 
correction  signals  to  correct  tape  recorder  speeds,  (3)  they  produce  clock  pulses  and 
sync  signals  for  the  operation  of  time -division-multiplexed  telemetry  systems,  and  (4) 
they  provide  sync  signals  for  separata  recorders.  The  signals  produced  by  the  timing 
devices  may  be  either  relative  to  one  another  or  an  indication  of  absolute  time. 

I.  Reference  Signals 

All  physiological  parameters  vary  as  functions  of  time.  To  know  precisely  when 
the  variables  being  monitored  undergo  changes,  some  method  of  supplying  a  time  base 
for  experiments  Is  necessary.  When  chart-type  recorders  are  used,  the  transverse  rul¬ 
ings  on  the  chart  paper  when  related  to  the  known  constant  speed  of  the  chart  paper 
provide  the  required  time  base.  An  alternate  method  that  generally  provides  greater 
accuracy  makes  use  of  some  type  of  marker,  such  as  an  additional  marking  pen  on  a 
chart  recorder.  In  this  method,  a  pulse  Is  generated  at  a  known  frequency,  generally 
1  cycle  per  second  with  low  chart  speeds  and  60  cycles  per  second  with  high  chart 
speeds. 

One  source  for  1-cps  marker  pulses  is  a  small  synchronous  motor  with  a  speed  of 
60  rpm.  The  shaft  of  the  motor  Is  connected  to  a  cam  or  an  arm  which  closes  a  set  of 
contacts  once  each  revolution,  thus  providing  the  desired  pulse.  This  pulse  is  fed  Into 
the  marker  channel .  A  highly  accurate  1-cps  pulse  may  be  obtained  by  using  the  60- 
cps  power  line  frequency,  in  one  method,  the  60-cps  signal  is  fed  to  a  frequency 
divider,  using  synchronized,  free-running  multivibrators.  The  frequency  divider  divides 
the  signal  frequency  successively  by  division  ratios  of  3,  4,  and  5.  A  counting  circuit, 
however,  such  as  shown  in  figure  79,  is  more  reliable.  This  circuit  Is  a  digital  counter 
designed  to  count  to  60.  The  input  pulses  are  derived  by  clipping,  differentiating,  and 
rectifying  the  60-epi  power  line  frequency.  The  pulses  are  fed  into  a  binary  counter 
consisting  of  a  chain  of  six  flip-flop  circuits.  (As  is  evident  from  figure  79,  to  produce 
a  1-pulie-per-second  output,  64  rather  than  60  pulses  per  second  must  be  fed  into  the 
Input.  The  additional  four  pulses  are  taken  from  the  output  of  the  fourth  flip-flop, 
delayed  for  approximately  0.005  second  by  a  monostable  multivibrator,  and  combined 
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Figure  79,  Counting  Circuit  for  1  -CPS  Marker  Pulsoi 

with  the  60-pulsp-per-second  Input.)  The  final  flip-flop  U  In  each  itate  once  each 
second.  To  provide  a  short  pulse,  the  output  Is  differentiated  and  rectified.  The 
accuracy  of  such  a  circuit  is  as  accurate  as  the  60-cps  power  line  frequency,  which  Is 
on  the  order  of  0.04  percent.* 

A  iO-cps  marker  may  be  taken  directly  from  the  power  line.  The  pure  60-cycle 
sine  wave  may  be  used,,  but  a  clipped  sine  wave,  which  gives  approximately  square 
pulses,  Is  a  more  readable  mothod.  In  addition  to  being  clipped,  the  sine  wave  can 
be  differentiated  to  give  shorter  pulses. 

II.  Correction  Signals 

Timing  signals  are  used  to  regulate  the  tape  speed  in  magnetic  tape  recording.  In 
order  to  overcome  wow,  a  60-cycle  sine  wave  may  be  recorded  on  one  channel,  and 
by  means  of  phase  detection,  an  error  signal  produced  to  correct  the  motor  speed.  This 
Is  discussed  In  more  detail  under  Magnetic  Tape  Recording. 

III.  Time-Division  Multiplex  Control 

Some  type  of  clock  pulse  generator  must  be  employed  In  tlme-dlvlslon-multlplexed 
telemetry  systems  to  control  sampling  rates  and  to  synchronlie  decoders  with  multi¬ 
plexers. 

When  electromechanical  commutation  Is  used,  the  sampling  Is  obtained  by  a 
motor-driven  contactor,  and  the  sampling  rate  Is  determined  by  the  speed  of  the  motor. 
(This  Is  discussed  In  section  V.)  Whan  electronic  commutation  Is  employed,  sampling 
rates  are  controlled  by  electronic  pulse  generators  called  clock  oscillators.  One  such 


*For  power  taken  from  a  large,  regional  grid.  Power  from  a  single  large  generating 
station  Is  normally  frequency  stable  within  a  few  tenths  of  one  percent,  but  can  be 
much  less  accurate  during  large  variations  In  load. 
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puls*  generator  Is  the  free-running  multivibrator,  an  astable  device .  In  this  unit  the 
rate  of  repetition  Is  determined  by  the  time  constant  of  the  feedback  network*  Another 
device  used  for  the  generation  of  timing  pulses  is  the  unijunction  transistor  oscillator. 
Schematic  diagrams  of  these  devices  are  shown  in  figure  80. 

If  an  extremely  accurate  timing  signal  Is  needed,  it  may  be  derived  from  a  crystal- 
controlled  oscillator.  Crystal -control  led  oscillators  are  Inherently  morq  stable  than 
self-controlled  oscillators.  Accuracy  may  be  improved  even  more  by  enclosing  the 
crystal  within  a  temperature-controlled  oven.  Accuracies  as  great  as  10  parts  per  mil¬ 
lion  may  be  expected  with  such  an  oscillator.  The  output  of  the  oscillator  is  a  sine 
wave;  it  Is  changed  to  short  positive  and  negative  pulses  by  dipping  and  differentiation 
or  by  the  use  of  an  amplitude  comparator  circuit.  The  positive  or  negative  pulses  may 
then  be  eliminated  by  diode  rectification. 

IV.  Sync  Signals 

If  more  than  one  recorder  Is  used,  some  means  must  be  provided  for  comparing 
times  on  the  various  records.  One  method  Is  to  have  an  externally  controlled  marker 
channel  on  each  of  the  recorders,  and  to  have  them  coupled  together  so  that  the 
records  on  all  channels  are  marked  simultaneously.  These  time  marks  may  be  controlled 
manually  or  by  one  of  the  time-mark  generators  described  In  paragraph  I,  above. 

When  data  are  recorded  at  stations  widely  scattered  geographically,  this  method 
may  be  impractical .  In  such  cases,  a  convenient  and  extremely  accurate  synchroniza¬ 
tion  signal  may  be  obtained  by  monitoring  the  National  Bureau  of  Standards  radio 
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Figure  80.  Astable  Timing  Pulse  Generators 
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stations,  WWV  or  WWVH,  or  the  Canadian  Dominion  Observatory  Station  CHU .  These 
stations  not  only  provide  very  accurate  time  signals  (one  per  second),  but  also  provide 
audio  signals  and  accurate  carrier  frequencies.  WWV  and  WWVH  broadcast  on  fre¬ 
quencies  of  2.5,  5,  10,  20  and  25  megacycles;  CHU  broadcasts  at  7.335  megacycles. 

ROWER  SUPPLIES 

(  > 

I.  Description  ( 

Whether  remotely  located,  such  as  In  aerospace  environments,  or  Installed  at 
gjfound-based  facilities,  most  equipment  used  In  a  physiological  monitoring  system  re¬ 
quires  so^ne  source  of  electrical  power.  In  some  applications  a  single  power  supply 
provides  power  to  all  equipments,  while  other  situations  require  an  Individual  power 
supply  self-contained  In  each  equipment.  The  general  tendency  Is  to  use  a  centralized 
(  Supply  When  weight  and  size  requirements  are  stringent  and  to  use  individual  supplies 
In  areas  when  equipment  often  is  used  separate  from  the  system. 

If  the  electrical  system  Is  land-bused,  commercial  power  from  large  electrical 
generating  stations,  burning  coal  or  oil,  can  be  used.  The  commercial  power,  nor¬ 
mally  115  volts  ac  et  60  cycles  per  second,  cannot  be  used  directly  to  power  most 
monitoring  equipment.  Instead  It  Is  used  as  an  Input  to  power  supplies  in  the  monitor¬ 
ing  system,  where  it  Is  converted  to  proper  voltage  and  regulation  levels.  Aerospace 
environments  demand  lightweight,  compact  sources,  and  chemical,  light,  and  nuclear 
energy-conversion  devices  are  used . 

t  • 

All  power  supplies  are  basically  conversion  devices.  Batteries  convert  stored 
chemical  energy  Into  flowing  electrical  energy;  other  types  of  power  supplies  convert 
available  electrical  energy  from  one  fprm  to  another,  as  ac  to  dc  or  high  voltage  to 
low  voltage.  When  choosing  a  power  supply,  the  following  specifications  describing 
its  pertinent  characteristics  should  be  considered  carefully: 

1.  Input  requirements.  The  voltage,  current,  and  frequency  (if  ac)  required 
to  operate  the  power  supply  at  its  maximum  capability.  For  a -c  sources,  the  power 
factor  or  actual  power  in  watts  may  also  be  stated. 

2.  Output  voltage.  The  levels  and  type  (ac  or  dc)  of  voltage  delivered  by 
the  supply.  The  a-c  waveshape  is  also  specified. 

3.  Regulation  of  the  power  supply  (a)  with  variations  of  the  Input  voltage, 
(b)  with  variations  of  the  steady-state  load,  and  (c)  during  sudden  loads.  This  latter 
item  is  identified  as  transient  response  and  Is  stated  In  terms  of  recovery  time  or  as  ca¬ 
pacitance  across  a  load. 
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II,  Electrical  Input  Power  Supplies 

As  determined  by  the  electrical  characteristics  of  Its  source  and  load,  an  elec¬ 
trical  Input  power  supply  may  be  classified  according  to  which  of  four  basic  types  of 
energy  conversion  it  effects.  The  first  two  types  listed  below  are  the  most  commonly 
used  and  will  be  discussed  In  more  detail  t 

1,  A-c  to  d-c  supplies.  This  type  of  supply  changes  an  a-c  input  signal 
into  a  d-c  voltage  output  for  sue  with  amplifiers,  electrodes,  telemetry  systems,  ete. 
These  power  supplies  usually  consist  of  a  transformer-rectifier  assembly,  a  filter  assem¬ 
bly,  and,  if  required  by  the  power  supply  specifications,  a  regulator  assembly. 

2.  D-c  to  a-c  supplies.  This  type  of  supply  provides  a-c  power,  often 
needed  for  transducer  excitation,  from  a  d-c  input  such  as  a  battery. 

3.  D-e  to  d-c  supplies.  This  class  of  power  supply  changes  the  Input  d-c 
voltage  to  either  a  greater  or  smaller  d-s  level,  with  increased  stability  through  regu¬ 
lator  circuitry.  The  Input  d-c  supply  may  be  a  d-c  bus  or  a  battery  supply. 

4,  A-c  to  a-c  supplies.  This  power  supply  may  be  simply  a  transformer  used 
to  change  the  amplitude  of  the  a-c  input  voltage,  or  It  may  Involve  both  amplitude 
and  frequency  changes,  requiring  more  complex  equipment. 

A,  A-C  to  D-C  Supplies 

Electronic  devices,  whether  vacuum-tube  or  solid-state,  require  direct  cur¬ 
rent  in  a  variety  of  voltage  ranges  for  their  operation.  The  most  common  source  of 
power  available  Is  commercial  ac  at  115  and  225  volts,  alternating  at  60  cycles  per 
second.  Thts  commercial  power  Is  converted  into  the  required  direct  currents  and 
voltages  by  an  a-c  to  d-c  power  supply,  consisting  of  a  transformer-rectlfler-fllter 
assembly. 


Figure  81  Illustrates  a  typical  power  supply  of  this  type.  The  115-volt  a-c 
Input  Is  stepped  up  In  the  transformer,  T1,  to  an  alternating  current  of  higher  voltage. 
The  blocking  action  of  the  rectifier  circuit,  D1  and  D2,  converts  the  a-c  to  pulsating 
d-c,  and  the  LC  filter,  LI  and  Cl,  removes  the  pulsations  from  the  d-c,  producing  an 
essentially  constant  d-c  voltage. 

1 .  Transformers 

A  transformer  consists  of  two  or  more  Induction  colls  wound  about  a  com¬ 
mon  core  of  soft  Iron.  By  mutual  Inductance,  a  changing  current  through  one  of  the 
colls  (primary  winding)  Induces  a  voltage  In  the  other  coils  (secondary  winding) .  The 
magnitude  of  the  voltage  so  induced  depends  upon  the  ratio  of  the  number  of  turns  tn 
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Figure  81 .  Typical  A-C  to  D-C  Power  Supply 

the  primary  and  secondary  winding*,  Thors  art  both  step-up  and  step-down  transform- 
era.  A  step -up  transformer  provides  higher  voltages  than  Is  supplied  to  Its  Input;  Its 
secondary  winding,  feeding  the  rectifiers,  has  many  more  turns  than  the  primary  wind¬ 
ing  to  which  the  a-c  was  applied.  Step-down  transformers,  with  relatively  fewer  turns 
on  their  secondary  windings,  also  are  used  In  power  supplies  to  provide  lower  voltages 
from  the  available  source  for  such  functions  as  biasing,  tube  filament  excitation,  and 
lamp  circuits. 

2.  Rectifier  Circuits 

Rectifiers  are  electronic  devices  which  conduct  or  pass  current  of  single 
polarity.  Thus,  an  alternating  current  with  both  positive  and  negative  alterations 
passes  through  a  rectifier  only  on  alternate  half  eyeles.  Whether  current  flows  during 
the  positive  or  negative  half  cycle  depends  on  how  the  rectifier  Is  connected  in  the 
circuit. 

Most  rectifiers  used  In  power  supplies  are  of  two  types:  htgh-vacuum  or 
solid-state.  Doth  are  diode  types,  consisting  of  an  anode  and  a  cathode,  and  conduct 
only  when  the  anode  Is  positive  with  respect  to  the  cathode.  There  Isa  breakdown 
point  at  which  rectifiers  conduct  when  a  negative  voltage  on  the  anode  Is  sufficiently 
high.  This  Is  the  peak  inverse  voltage  rating  of  the  device,  and  it  should  be  about 
three  times  the  rms  value  of  the  voltage  applied  to  the  device. 

Rectifiers  also  are  rated  by  the  d-cload  current.  Vacuum-tube  types  can 
handle  up  to  275  mllllamperes  (low  power)  at  400  or  500  volts  dc,  or  up  to  500  mil  II- 
amperes  (high  power)  at  about  2000  volts  dc.  Solid-state  types  are  rated  even  higher: 
germanium  rectifiers  are  rated  up  to  400  mllllamperes,  selenium  types  run  to  1000 
mllllamperes  or  more,  and  silicon  units  range  up  to  several  amperes.  The  current¬ 
handling  capacity  of  a  rectifier  can  be  Increased  beyond  Its  rating  by  connecting  rec¬ 
tifiers  In  parallel . 

Rectifier  circuits  employing  a  single  rectifier  are  called  half-wave  rec¬ 
tifier  devices,  since  they  conduct  the  alternating  signal  from  the  transformer  only 
during  the  half  cycle  that  makes  the  anode  positive  with  respect  to  the  cathode.  The 
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shape  of  the  pulsating  output  is  indicated  on  figure  82,  showing  vacuum  and  semicon¬ 
ductor  rectifier  configurations.  The  pulses  In  the  output  (the  rtpple  frequency)  corre¬ 
spond  to  the  frequency  of  the  ac,  and  It  requires  considerable  filtering  to  provide  a 
smooth  dc  of  constant  voltage.  The  half-wave  rectifier  may  be  used  tn  some  circuits 
where  a  small  amount  of  ripple  In  the  voltage  can  be  tolerated;  examples  are  some 
differential  and  push-pull  amplifiers,  switching  circuits,  and  CRT  high-voltage 
supplies. 


VACUUM  TUBE 


ru\A 


SEMICONDUCTOR 


Figure  82.  Common  Half-Wave  Rectifier  Circuits 

Far  more  widely  used  Is  the  full-wave  rectifier  circuit  shown  In  figure 
83.  In  this  configuration  two  rectifiers  are  used  with  a  center-tapped  transformer. 
With  the  center  of  the  secondary  winding  at  ground,  the  voltages  Induced  between 
ground  and  one  end  of  the  winding  are  180*  out  of  phase  with  the  voltage  Induced  be¬ 
tween  ground  and  the  other  end.  Therefore,  conduction  In  the  two  rectifiers  Is  alter¬ 
nating,  and  the  two  half-wave  outputs  can  be  combined  to  produce  an  output  with 


Figure  83.  Full -Wave  Rectifiers 
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continuous  pulsations.  The  ripple  frequency  of  the  full-wave  rectifier  is  twice  that  of 
the  frequency  of  the  ac,  and  it  can  be  smoothed  or  filtered  more  readily  than  the  half¬ 
wave  output  to  produce  a  d-c  voltage  of  constant  amplitude. 

Another  type  of  full -wave  rectifier  circuit  Is  shown  In  figure  83.  Called 
a  bridge  rectifier,  It  uses  four  rectifiers  and  does  not  require  a  center-tapped  trans¬ 
former.  The  diodes  are  connected  so  that,  on  one  half  cycle  of  the  alternating  current, 
current  flows  through  rectifiers  Dl,  R1,  and  D3;  and  on  the  other  half  cycle,  current 
flows  through  D2,  Rl,  and  D4.  In' both  Instances,  current  flows  through  R1  In  the  same 
direction,  and  the  output  waveform  Is  Identical  with  that  of  the  center-tapped  recti¬ 
fier.  The  bridge  rectifier  delivers  twice  the  average  voltage  of  the  center-tapped 
rectifier  for  the  same  secondary  voltage,  but  only  approximately  half  the  d-c  load 
current. 

3.  Filters 

The  output  of  a  rectifier  circuit  may  be  thought  of  as  a  direct  current 
with  a-c  components.  Filters  consisting  of  capacitors  and  Inductors  are  used  to  remove 
the  a-c  components,  leaving  a  smooth  de  of  constant  amplitude.  The  two  chief  filter 
configurations  are  capacitive-input  filters  (figure  84)  and  choke-input  filters  (figure 
85),  named  for  the  filter  element  which  first  follows  the  reottfler. 

Capacitive-Input  filters  have  higher  output  voltages  with  respect  to 
transformer  voltage  than  do  choke-input  filters,  but  the  latter  type  gives  better  voltage 
regulation,  Voltage  regulation  Is  the  change  In  output  voltage  with  changes  In  load; 
power  supply  voltages  can  decrease  with  Increasing  loads  (Increased  current  drain)  and 
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Figure  84.  Capacitive  Input  Filters 
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Figure  85.  Choke  Input  Filters 

can  be  excessively  high  when  the  load  Is  removed.  Some  measure  of  voltage  regulation 
Is  afforded  by  the  use  of  bleeder  resistors,  placed  across  the  output  of  the  power  sup¬ 
ply.  The  bleeder  provides  a  minimum  constant  drain  on  the  power  supply  to  prevent 
excessive  voltages  (which  can  short-circuit  or  burn  out  rectifiers,  capacitors,  and 
chokes) . 

4.  Voltage  Regulators 

Each  power  supply  possesses  a  finite  internal  Impedance.  Therefore,  Its 
output  voltage  tends  to  decrease  with  Increased  current  drain  resulting  from  changes  In 
load.  Also,  power  supply  output  voltages  vary  with  fluctuations  of  the  Input  power 
source.  These  variations  must  be  controlled  because  many  types  of  physiological  moni¬ 
toring  equipment  require  very  stable  operating  voltages. 

Power  supply  output  voltages  are  regulated  basically  by  placing  a  vari¬ 
able  Impedance  In  series  with  the  load  so  as  to  form  a  simple  voltage  divider.  All  the 
current  from  the  power  supply  passes  through  the  variable  resistor  and  the  load,  and  If 
the  supply  voltage  rises,  there  Is  a  proportional  rise  In  the  variable  resistor  and  the 
load.  By  Increasing  (or  decreasing)  the  resistance  in  proportion  to  the  Increase  (or  de¬ 
crease)  In  supply  voltage,  the  voltage  drop  across  the  load  can  be  held  constant. 

The  simplest  method  for  changing  the  variable  Impedance  as  the  supply 
voltage  changes  Is  to  shunt  the  load  with  a  device  that  will  maintain  a  constant  volt¬ 
age  drop  over  a  wide  range  of  current.  Two  such  devices  are  the  gas-fll led  voltage 
regulator  tube  (VR)  end  the  zencr  diode.  Both  are  shown  In  figure  86. 

The  VR  tube,  a  glow-discharge  tube,  is  a  diode  filled  with  ionizing  gas. 
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The  Internal  Impedance  of  the  tube  It  Inversely  proportional  to  the  current  flow,  and 
the  voltage  drop  across  the  tube  is  practically  constant.  VR  tubes  are  available  for 
regulation  of  voltages  of  75,  90,  105,  and  150  volts.  If  higher  voltages  are  used,  two 
or  more  tubes  may  be  connected  In  series. 

The  zener  diode  operates  similarly,  it  Is  a  special  type  of  silicon  junc¬ 
tion  diode  with  the  property  of  Increasing  its  conductance  for  increases  In  current,  so 
that,  like  the  VR  tube,  its  Internal  Impedance  Is  Inversely  proportional  to  current. 

With  the  VR  tube  or  the  zener  diode  shunted  across  the  load  end  voltage 
applied  to  the  shunt  through  dropping  resistor  R1  (as  shown  In  figure  86),  any  change  In 
the  supply  voltage  will  be  realized  as  a  corresponding  change  In  the  voltage  drop  at 
R1,  since  the  voltage  drop  across  the  shunt  remains  the  same. 

The  current  and  voltage  ranges  that  can  be  handled  by  the  shunt-type 
regulators  described  above  are  somewhat  limited.  For  handling  outputs  at  higher 
ranges,  numerous  regulating  circuits  ere  available  that  use  tube  or  transistor  stages  in 
series  with  the  load  as  variable  impedance  devices.  Vacuum-tube  series  regulators 
have  higher  voltage-regulating  capability,  from  several  hundred  to  over  a  thousand 
volts,  at  currents  of  several  hundred  mil  I  temperas.  Transistor  series  regulators  work  at 
low  voltages  typical  for  solid-state  circuitry  (6  volts,  18  volts,  30  volts,  etc)  but  are 
capable  of  handling  several  amperes  of  current. 

Figure  87  shows  a  transistorized  series  regulator  which  provides  a  regu¬ 
lated  output  that  can  be  adjusted  from  -6  volts  to  +6  volts,  at  currents  as  high  as  4 
amperes.  (The  auxiliary  output,  an  unregulated  5  volts  (nominal)  at  about  50mlllt- 
amperes,  Is  used  for  biasing  within  the  regulator.)  The  regulated  output  Is  stable 
within  1  percent  for  an  8-hour  operating  period,  with  an  Input  range  of  from  7.1  to  50 
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Figure  86.  Shunt  Regulator  Circuits 
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Figure  87,  Serial  Regulator  Circuit 


Tramlitor  Ql,  with  emitter  followeri  Q2  and  Q3,  forms  the  variable  Im¬ 
pedance  network,  and  traniiitori  Q4  and  Q5  form  a  differential  amplifier  which  li  the 
comparator  or  feedback  circuit  for  the  regulator.  The  base  of  Q5  It  tied  by  diode  Z2; 
the  voltage  on  the  bate  of  Q4  It  derived  from  reilitor  R4,  If  the  load  resistance  or  the 
supply  voltage  ahanges,  the  voltage  on  the  bate  of  Q4  will  change  accordingly,  and 
there,  will  be  an  output  across  reilitor  R6,  the  load  for  the  differential  amplifier.  This 
output  drives  the  emitter  follower  stages,  Ql,  Q2,  and  Q3,  In  the  direction  necessary 
to  change  tho  Input  current  through  Ql,  returning  the,  output  voltage  to  the  correct 
level  and  restoring  the  balance  of  the  differential  amplifier. 

B.  D-C  to  A-C  Supplies  (Inverters) 

An  Inverter  Is  a  device  that  changes  a  d-a  voltage  Into  an  a-o  output.  One 
type  much  used  In  commercial  power  service  Is  the  electromechanical  Inverter,  a  ro¬ 
tating  machine  driven  by  the  d-c  source  with  an  a-c  generator  coupled  to  the  same 
shaft.  This  type  has  also  been  used  In  aircraft;  In  aerospace  applications  where  zero 
gravity  effects  prevail,  however,  the  gyroscopic  effect  of  a  large  rotating  converter 
may  present  serious  problems  In  navigation  and  stabilization. 

An  all -electronic  Inverter  Is  available  for  the  d-c  to  a-c  conversion  In  such 
applications.  The  d-c  source  Is  used  to  power  a  multivibrator.  The  output  of  the  mul¬ 
tivibrator  Is  a  transformer  with  a  turns  ratio  that  gives  the  desired  a-c  output  voltage. 
The  frequency  of  the  multivibrator  Is  fixed  by  the  transformer  parameters  and  the  supply 
voltage.  (See  figure  88.) 

Either  transistors  or  silicon-controlled  rectifiers  may  be  used  to  power  the 
multivibrator.  In  the  Project  Mercury  program  three  Inverters  were  used,  two  of  which 
had  the  Inversion  capability  of  supplying  250  volt-ampere  outputs  at  115  volts,  400 
cycles  per  second  (ref.  42). 
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Figure  88.  D-C  to  A-C  Inverter 
III.  Chemical,  Light,  and  Nuclear  Input  Supplies 

In  situations  whore  the  electrical  power  developed  from  large-tcale  generating 
itatiom  li  not  available,  namely  portable  and  aerospace  applications,  the  electrical 
energy  must  be  obtained  by  some  other  method.  Three  conversion  methods  have  been 
most  successful! 

1.  Chemical -to-electrlcal,  using  batteries. 


2.  Radiant-  or  thermal -to-electrlcal,  using  photoelectric  thermoelectric 

cells. 

3.  Nuclear-to-electrlcal  or  nuclear-to-thermal -to-electrlcal , 


A.  Chemical  Batteries 

The  basic  configuration  of  a  battery  cell  consists  of  two  electrodes  with  an 
electrolyte  between  them.  A  cell  with  two  electrodes  submerged  In  liquid  electrolyte 
Is  called  a  wet  cell.  In  dry  cells  the  electrolyte  Is  a  paste  or  Is  contained  In  some 
Inert  material  (special  paper,  etc). 

For  both  wet  and  dry  cells,  the  positive  electrode  contains  an  oxidizing  sub¬ 
stance  called  the  depolarizer,  and  the  negative  electrode  consists  of  a  soluble  metal 


POWER  SUPPLIES 


or  metal  compound.  In  the  process  of  discharge,  the  depolarizer  material  as  well  as 
the  negative  electrode  material  and  electrolyte  are  changed  through  chemical  reaction; 
the  depolarizer  becomes  reduced  by  reaction  with  hydrogen,  and  the  negative  elec¬ 
trode  material  Is  oxidized.  The  total  energy  output  of  a  battery  cell  therefore  Is  a 
function  of  the  amount  of  depolarizer  material  or  negative  electrode  material . 

Two  classes  of  batteries  are  In  uses  primary  batteries  and  secondary  batteries 
(also  called  rechargeable  or  storage  batteries).  In  primary  batteries  the  active  mate¬ 
rial  (depolarizer  and  negative  electrode)  cannot  be  regenerated.  After  discharge,  the 
battery  must  be  replaced  with  a  new  one.  In  rechargeable  batteries  a  charging  aurrenf 
(flowing  in  a  direction  opposite  to  the  discharge  current)  restores  the  depolarizer  and 
the  negative  electrode  through  electrolysis.  However,  the  number  of  charge  and  dis¬ 
charge  cycles  Is  limited  and  dependent  on  the  design  of  the  battery  and  the  percentage 
of  discharge. 

The  operating  principle  of  fuel  cells  Is  similar  to  that  of  primary  batteries, 
except  that  the  depolarizer  and  the  active  negative  electrode  material  are  supplied 
continuously  from  outside  the  cell .  Oxygen  or  atmospheric  air  Is  used  as  the  depolar¬ 
izer;  hydrogen  or  hydrogen  compounds  are  the  active  material  on  the  negative  elec¬ 
trodes.  The  electrode  Itself  contains  catalytic  material  to  speed  up  the  chemical 
reactions.  The  reaction  products,  water,  carbon  dioxide,  etc,  must  be  removed  con¬ 
tinuously  to  keep  the  fuel  cell  operating. 

The  efficient  use  of  batteries  requires  the  consideration  of  the  following 

factorsi 


1 .  Voltage.  The  voltage  of  a  battery  cell  depends  on  the  kind  of  electrode 
material  and  electrolyte  used.  Connecting  battery  cells  In  series  multiplies  the  total 
voltage  by  the  number  of  cells. 

2.  Capacity.  Capacity  Is  measured  In  ampere  hours  or  mtlllampere  hours 
and  Is  the  product  of  the  current  times  the  maximum  discharge  time. 

3.  Discharge  current.  Batteries  for  low  or  high  discharge  current  are 
designed  differently.  Exceeding  the  specified  maximum  discharge  current  causes  loss 
In  capacity.  The  parallel  connection  of  similar  cells  multiplies  the  current  by  the 
number  of  cells. 

4.  Discharge  characteristics.  The  two  basic  kinds  of  discharge  character¬ 
istics  available,  A  and  B,  are  shown  In  figure  89.  The  discharge  characteristics  for 
different  battery  types  are  listed  In  table  IX. 

5.  Internal  resistance  causes  voltage  drops  with  loading.  Internal  resistance 
may  be  Increased  with  age  or  through  Incomplete  sealing  of  the  cell.  Internal  resist¬ 
ance  Is  an  Inverse  function  of  cell  volume,  but  Is  also  dependent  on  design  factors. 


TABLE  IX.  BATTERY  DISCHARGE  CHARACTERISTICS 
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NOTE  > 
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Figure  89.  Battery  Discharge  Characteristics 

6.  Energy-to*weight  ratio.  This  ratio  Is  measured  in  watt  hours  per  pound 
and  depends  on  the  kind  of  electrodes  and  electrolyte,  as  well  as  the  mechanical  de¬ 
sign  of  the  battery. 

B.  Light  Input  Power  Sources 

The  energy  oontalned  in  radiation  In  the  visible  and  near-visible  wavelengths 
may  be  transformed  Into  electrical  energy  with  the  use  of  the  solar  cell .  Actually, 
this  is  an  indirect  transformation  of  nuclear  energy  Into  electrical  power,  with  the  light 
produced  by  the  sun  an  Intermediate  step  in  the  conversion  process.  While  the  silicon 
solar  cell  is  extremely  reliable  and  long-llvod,  Its  low  efficiency,  low  output,  and 
need  for  an  auxiliary  storage  device  limit  Its  usefulness.  The  silicon  solar  cell  Is  about 
10  percent  efficient  in  transforming  the  total  Incident  radiation  on  Its  surface  Into  a 
d-c  voltage.  Each  cell  output  is  only  about  0.4  volt,  so  that  a  series  of  them  must  be 
connected  to  provide  a  usable  source  of  power.  For  sufficient  current  output,  combi¬ 
nations  of  the  clusters  of  series-connected  cells  are  connected  In  parallel. 

Because  the  cells  produce  an  output  only  when  they  are  being  exposed  to 
radiated  energy,  some  means  are  necessary  to  provide  continuous  power  In  case  of 
momentary  loss  of  sunlight.  Often  a  rechargeable  dry  cell  Is  used  with  the  solar  cell; 
the  dry  cell  charges  during  the  period  the  solar  cell  is  producing  an  output  and  de¬ 
livers  power  to  the  load  when  the  solar  cell  is  not  producing,  maintaining  a  continuous 
output.  In  addition,  cells  connected  In  parallel  must  be  Isolated  by  means  of  diodes 
In  the  Interconnecting  wiring.  If  this  were  not  done,  the  producing  cells  would  de¬ 
liver  their  power  to  the  darkened  cells  instead  of  to  the  load  and  to  the  rechargeable 
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battery  during  a  period  when  only  a  portion  of  the  cells  were  illuminated. 

C.  Nuclear  Power  Sources 

For  long  space  flights  nuclear  power  sources  appear  very  attractive  bacause 
they  require  a  minimum  of  maintenance  and  most  Important,  the  potential  energy  per 
pound  of  fuel  Is  Immense.  Nuclear  energy  Is  changed  Into  electric  energy  by  direct 
and  Indirect-conversion  methods. 

1.  Direct  Conversion 

One  type  of  device,  the  strontium  90  battery,  collects  beta  particles 
emitted  from  the  radioactive  strontium  on  a  metal  electrode,  thereby  developing  a  po¬ 
tential  between  the  collecting  electrode  and  the  emitting  electrode  that  surrounds  the 
strontium  source.  Very  low  currents  at  high  voltages  are  characteristic  of  Its  output. 

Another  nuclear  cell  produces  a  voltage  output  by  Ionizing  a  gas  sepa¬ 
rating  the  two  electrodes  of  the  battery.  The  gas  Is  Ionized  by  a  source  of  tritium,  a 
hydrogen  Isotope.  The  voltage  and  current  characteristics  of  this  nuclear  cell  depend 
on  the  activity  of  the  Ionizing  source  and  the  materials  of  which  the  collecting  elec¬ 
trodes  are  made . 

A  third  nuclear  power  source  depends  on  the  potential  created  across  a 
semiconductor  (unction  when  It  Is  Irradiated  by  a  nuclear  source.  In  operation,  this  Is 
similar  to  the  solar  cell,  except  that  Instead  of  the  radiation  being  In  the  visible  light 
spectrum,  nuclear  radiation  (usually  obtained  from  strontium  90)  Is  the  source.  The 
semiconductor  junction  Is  ultimately  damaged  by  the  action  of  the  radiation  upon  It, 
limiting  Its  operation  to  a  period  of  weeks. 

2.  Indirect  Conversion 

In  one  type  of  Indirect  conversion  nuclear  battery,  a  phosphor  or  plastic 
Is  bombarded  with  radiation,  and  the  light  generated  from  this  action  In  turn  generates 
the  electrical  power  across  the  semiconductor  junction.  This  secondary  radiation  Is 
not  damaging  to  the  junction,  providing  a  lifetime  of  many  years  for  this  cell. 

The  thermoelectric  effect  may  also  be  used  to  generate  electric  power 
from  a  nuclear  source.  The  radiation  from  a  polonium  source  heats  the  hot  junction  of 
a  thermopile.  This  heat  Is  dissipated  by  a  radiator  which  forms  the  cold  junction.  A 
unit  with  as  high  an  efficiency  as  10  percent  conversion  has  been  produced  using  this 
principle. 
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TRANSMISSION  REQUIREMENTS  FOR  PHYSIOLOGICAL  MONITORING 

I .  Data  Transmission  and  Telemetry  -  Definition 

This  section  describes  the  telemetry  equipment  required  for  the  transmission  of 
quantitative  information  In  a  physiological  monitoring  system.  The  concept  of  telem¬ 
etry,  as  defined  by  Webster  and  as  understood  by  certain  branches  of  engineering, 
encompasses  all  functions  In  a  monitoring  system:  from  measurement,  through  trans¬ 
mission,  to  ultimate  display  or  recording.  This  section  is  concerned  with  telemetry  only 
to  the  extent  that  It  furnishes  the  link  between  the  sensing  devices  (and  their  associ¬ 
ated  modifiers)  and  the  presentation  devices  of  a  physiological  monitoring  system. 

II.  Elements  of  the  Measurement  Situation 

In  a  given  measurement  situation,  there  are  many  Interrelated  elements  that  must 
be  considered  when  determining  the  requirements  for  transmission  nquipment.  The  most 
Important  are: 

a.  The  nature  of  the  Information  to  be  transmitted. 

b.  The  type  of  transmission  facilities  available. 

c.  The  conditions  of  transmission. 

d.  The  Ideal  method  for  transmitting  the  Information. 

The  nature  of  the  Information  generally  determines  the  bandwidth  required  to 
transmit  the  Intelligence.  The  type  of  transmission  facilities  available,  whether  wire 
or  radio,  limits  the  frequency  range  that  can  be  accommodated.  The  conditions  of 
transmission  involve  the  number  of  measurements  that  must  be  made  (or  the  number  of 
channels  required),  the  range  of  transmission,  and  the  kinds  of  Interference  that  may  be 
encountered.  The  accessibility  of  the  subject  Is  also  a  factor, as  is  the  degree  and  kind 
of  instrumentation  he  can  tolerate.  Finally,  all  of  these  factors  relate  to  the  formation 
of  the  transmission  signal:  can  it  be  sent  In  Its  original  form  or  must  It  be  encoded?  If 
encoded,  should  It  be  in  the  magnitude  domain  or  In  the  time  domain? 

Modern  communications  engineering  has  developed  several  techniques  of  encod¬ 
ing,  modulation,  and  multiplexing  that  are  suitable  for  the  needs  of  physiological  mon¬ 
itoring,  considering  all  the  above  factors.  These  techniques  are  reviewed  In  paragraph 
III  below. 
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Behind  the  empiric  developments  of  the  communications  engineer  lies  a  body  of 
theory  setting  the  limits  of  the  capability  of  a  transmission  system,  These  are  the  tenets 
of  information  theory,  or  communication  theory,  and  they  are  discussed  briefly  in  rela- 
tlon  to  the  present  context  In  paragraph  IV  below, 

The  remainder  of  this  section,  under  SYSTEM  CONSIDERATIONS,  Is  devoted  to  a 
fuller  discussion  of  the  types  of  data-transmisslon  equipment  that  can  be  employed  in 
physiological  monitoring.  For  a  review  of  the  basic  electronics  Involved  In  communi¬ 
cation  and  data  transmission,  see  references  3  and  40.  Excellent  surveys  of  data  trans¬ 
mission  and  telemetry  systems,  with  more  extended  treatment  than  required  for  this 
handbook,  are  contained  In  references  5,  17,  32,  and  51 . 

Ill .  Baste  Transmission  Techniques 

In  the  simplest  monitoring  situation,  the  sub|ect  is  at  the  monitoring  and  recording 
station,  and  perhaps  no  more  than  10  or  20  feet  of  intercomponent  cables  and  connec¬ 
tors  separate  transducers,  signal  modifiers,  and  display  equipment.  This  type  of  linkage 
presents  no  ma|or  transmission  problem,  but  even  here  the  conditions  for  good  trans¬ 
mission  must  be  maintained:  components  must  be  matched  with  respect  to  input-output 
Impedance  relationships,  and  connectors  must  be  selected  for  low  signal  loss  and 
shielded  from  sources  of  noise. 

In  this  linkage,  signals  are  transmitted  In  their  original  form,  I  .e.,  d-c  voltages 
which  vary  In  amplitude.  The  signals  constitute  continuous  analog  data,  and  they  are 
said  to  be  transmitted  In  the  magnitude  domain. 

A.  Magnitude  Domain  Transmission 

Transmission  In  the  magnitude  domain  simply  means  that  the  intelligence 
(quantitative  Information)  to  be  transmitted  Is  represented  directly  by  the  amplitude  of 
the  signal  being  transmitted.  For  faithful  transmission,  the  transmission  medium  must 
be  capable  of  passing  all  amplitude  variations  at  all  frequencies  (rate  of  change  of 
amplitude),  Including  zero  (dc)  or  reference  level. 

1.  Direct-Wire  Transmission 

In  direct-wire  links  (such  as  that  described  above),  losses  In  signal  ampli¬ 
tude  are  caused  by  line  resistance  and  line  leakage  In  direct  proportion  to  line  length. 
Low  frequencies,  including  the  d-c  or  reference  levels,  maybe  lost  altogether  unless 
d-c  amplifiers  are  used,  and  high  frequencies  are  attenuated  by  shunt  capacitance  In 
the  line.  In  general  this  means  that  the  distance  a  direct-wire  linkage  can  be  used  is 
limited,  with  suitable  amplification,  to  perhaps  half  a  mile. 
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2.  Amplitude  Modulation 

Wirt  transmission  can  be  used  over  longer  distances,  up  to  a  few  miles, 
by  employing  the  carrier-frequency  technique.  In  This  method  a  constant-frequency 
signal/  called  the  carrier,  it  transmitted  over  the  wire  link/  and  the  original  Informa¬ 
tion-bearing  signal  Is  used  to  change  the  amplitude  of  the  carrier  signal.  This  process 
It  called  amplitude  modulation  (AM).  (Refer  to  figure  90.) 


Figure  90.  Amplitude  Modulation  Waveforms 

The  carrier  frequency  mutt  be  higher  than  the  highest  frequency  compo¬ 
nent  In  the  modulating  signal  by  a  factor  of  at  least  five.  The  information  is  now 
contained  in  a  relatively  narrow  band  of  frequencies  near  the  carrier  frequency,  and  It 
is  this  band  of  frequencies  that  the  transmission  medium  must  pass.  A-c  rather  than  d-c 
amplifiers  can  be  employed,  and  the  problems  of  amplifier  drift  and  base-line  stability 
are  no  longer  Important.  The  principal  limitations  to  long-distance  wire  transmission 
using  amplitude  modulation  are  increases  in  variable  losses  and  noise  as  the  line  length 
Is  Increased. 


Using  amplitude  modulation,  but  with  a  carrier  of  much  higher  frequency, 
a  radio  link  may  be  used  (rather  than  a  wire  link)  with  greatly  Increased  range,  With 
a  carrier  frequency  of  at  least  several  hundred  kilocycles,  the  modulated  signal  can  be 
fed  to  an  antenna  and  radiated  Into  space  as  electromagnetic  power.  The  Inherent 
range  capability  of  such  a  link  is  Increased  greatly,  but  so  long  as  the  modulation  re¬ 
mains  in  the  magnitude  domain,  faithful  data  transmission  Is  curtailed  seriously  by 
system  nonllnearitles,  variable  losses,  and  noise. 

3.  Limitations  of  Amplitude  Data 

The  limitations  of  transmission  In  the  magnitude  domain  are  fairly  evi¬ 
dent  from  the  preceding  discussion .  Summarizing,  if  the  information  to  be  transmitted 
Is  encoded  as  variations  In  magnitude  or  amplitude,  transmission  Is  only  as  good  as  the 
ability  of  the  system  to  retain  those  variations  faithfully.  Simple  attenuation,  system 
noise,  system  nonlinearity,  or  Interference  from  other  signal  sources  may  cause  errors  in 
the  Intelligence  transmitted. 

a.  Attenuation.  In  a  wire  system, signal  losses  are  directly  proportional 
to  Increases  In  line  length.  In  a  radio  link,  signal  losses  Increase  as  the  square  of  the 
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distance.  Within  limit*, attenuation  can  be  offset  by  Increasing  the  transmitting  power. 
The  sensitivity  or  amplification  at  the  receiving  end  of  the  link  also  can  be  Increased, 
but  this  does  not  Improve  the  signal -to-nolse  ratio,  since  any  noise  present  with  the 
Information  signal  realizes  the  same  "Improvement." 

b.  System  Noise.  All  electrical  or  electronic  systems  produce  noise 
components  which  add  to  the  signal  passing  through  the  system.  These  components  are 
discussed  Inter  In  paragraph  IV. 

c.  System  Nonlinearity.  Few  system  components  are  completely  linear. 
At  each  amplifier  stage,  coupling  network, etc,  the  amplitude  response  Is  better  at  some 
frequencies  than  others,  resulting  In  distortions  In  the  quantitative  Information  being 
handled. 


d.  Interference.  Spurious  signals  all  contribute  unwanted  changes  In 
amplitude -coded  signals.  Sources  Include  60*  and  120-cycle  power  lines,  transient 
signals  from  electrical  machinery  and  switch  contacts,  bimetal  lie  junction  potentials, 
reflections  due  to  Improper  Impedance  matching  of  transmission  elements,  and  static 
electricity  present  In  a  radio  propagation  path. 

Various  techniques  are  available  for  optimizing  transmission  under 
these  conditions,  but  rigorous  fidelity  in  the  transmission  of  quantitative  data  more 
often  requires  a  method  of  encoding  Independent  of  signal  amplitude.  This  method  Is 
called  time-domain  transmission. 

B.  Time-Domain  Transmission 

For  transmission  in  the  time  domain,  the  Intelligence  data  to  be  transmitted 
are  represented  by  the  transmitted  signal  varying  with  time  rather  than  with  amplitude. 
The  variations  may  be  changes  In  the  Instantaneous  frequency  or  phase  of  a  sinusoidal 
carrier,  or  they  may  be  changes  In  the  characteristics  of  a  pulse-type  carrier  signal . 
The  various  methods  for  tlme^lomain  encoding  are  noted  below. 

1 .  Frequency  Modulation 

The  simplest  form  of  time-domain  encoding  Is  frequency  modulation  (FM), 
In  which  successive  cycles  of  a  sinusoidal  carrier  signal  are  made  to  vary  In  period  or 
frequency  In  accordance  with  the  variations  In  amplitude  of  the  Information  signal  (see 
figure  91).  This  form  of  magnitude -domain  encoding  retains  the  Information  In  contin¬ 
uous,  analog  form . 

A  variation  of  frequency  modulation  Is  phase  modulation,  In  which  the 
modulating  signal  Is  used  to  vary  the  relative  phase  of  the  sinusoidal  carrier.  Phase 
modulation  Is  seldom  used  In  Its  pure  form  for  telemetry  because  of  difficulties  in  trans¬ 
mitting  d-c  or  base-ltne  reference  signals. 
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Figure  91 .  Frequency  Modulation  Waveforms 
2.  Pulse  Modulation 

The  preceding  types  of  encoding,  both  magnitude  and  time  domain, 
retained  the  quantitative  Information  In  continuous,  analog  form.  The  remaining  forms 
of  time-domain  encoding  transmit  the  Information  In  discrete  or  discontinuous  analog 
form.  The  Information  signal  Is  sampled  at  periodic  Intervals  and  pulses  are  generated 
at  those  Intervals  which  convey,  through  some  characteristic  of  the  pulse,  the  amplitude 
of  the  Information  Signal  at  the  Interval .  Figure  92  shows  a  relatively  simple  sampling 
technique.  If  the  Information  signal  (A)  Is  passed  through  a  switch  that  closes  only  at 
times  T1,  T2,  T,  2T,  3T,  4T,  and  5T,  the  output  of  the  switch  would  be  a  train  of  pulses 
(B)  whose  amplitude  correspond  to  the  amplitude  of  the  Information  signal  during  the 
sampling  period.  Such  discrete  data  may  be  useful  as  they  are,  or,  If  the  sampling  rate 
Is  high  enough,  filtering  at  the  receiving  end  of  the  link  can  restore  the  analog  data. 
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Figure  92.  Basic  Method  of  Sampling  Analog  Data  (PAM) 
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Pulse  encoded  signals  may  be  sent  over  wire  conductors  directly.  If  the 
transmission  link  Is  radio,  the  pulse  signal  is  used  to  modulate  the  radio-frequency 
carrier,  using  either  frequency  or  amplitude  modulation  (FM  or  AM).  To  Identify  the 
type  of  radio  transmission,  the  Initials  denoting  the  type  of  pulse  form  are  combined 
with  the  Initials  of  the  type  of  r-f  modulation  employed;  thus,  transmission  In  which  a 
pulse  position  code  Is  used  to  frequency  modulate  the  r-f  carrier  would  be  Identified  as 
PPFM. 

a.  Pulse-Duration  Modulation  (PDM) 

Pulse-duration  modulation  Is  one  of  two  techniques  In  which  the 
amplitude  of  the  Information  signal  Is  represented  by  time.  (Pulse-position  modulation 
Is  the  other.)  In  pulse^duratlon  modulation  (PDM),  the  amplitude  at  the  time  of  sam¬ 
pling  Is  represented  by  the  duration  of  the  pulse  produced  during  that  period,  with  the 
pulse  duration  defined  as  the  time  between  the  rising  and  falling  edge  of  the  pulse. 
(See  figure  93.)  This  technique  Is  sometimes  ealted  pulse-width  modulation,  or  PWM. 


MUR 

■  i  i  i  I 

Figure  93.  Pulse  Duration  Modulated  Signal 

b.  Pulse-Position  Modulation  (PPM) 

In  pulse-position  modulation  (PPM),  signal  amplitude  also  Is  repre¬ 
sented  by  time.  In  this  case,  the  time  is  the  Interval  between  two  short  pulses  generated 
at  the  beginning  and  the  ending  of  the  sampling  period.  (See  figure  94.) 


ii  mm 


Figure  94,  Pulse  Position  Modulated  Signal 
c .  Pulse-Code  Modulation  (PCM) 


Signal  amplitudes  also  may  be  represented  by  code  groups.  This 
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technique  requires  that  the  information  signal  first  be  digitized,  and  the  digital  value 
then  be  encoded,  With  PCM,  discrete  digital  rather  than  analog  data  are  transmitted. 
Decimal  digital  data  have  been  transmitted  by  such  dot-dash  codes  as  Morse  code.  Far 
more  convenient  and  common  In  modern  telemetry  techniques  Is  the  mark-space  system 
of  binary  digital  coding.  A  typical  binary  digital  code  Is  shown  in  figure  95. 

d.  Pulse-Amplitude  Modulation  (PAM) 

Pulse-amplitude  modulation  (PAM)  Is  a  special  cate  of  pulse  coding 
because  It  Is  a  magnitude-domain  technique)  the  signal  amplitude  It  represented  by 
the  amplitude  of  the  pulse  produced  during  the  sampling  period  (figure  92).  However, 
since  this  technique  entails  periodic  sampling  by  relatively  simple  techniques,  it  lends 
itself  to  use  with  other  time-domain  components,  and  It  often  used  at  an  intermediate 
signal  form  In  multiplex  systems,  with  the  final  transmission  being  In  FM  or  tome  other 
time-domain  form. 

C.  Multiplexing 

The  encoding  techniques  described  above  apply  to  all  data  transmissions; 
whether  a  tingle  information  signal  or  many  are  Involved.  Where  Information  signals 
from  more  than  one  data  channel  are  to  be  transmitted,  It  It  convenient  to  combine 
them  to  that  they  can  be  transmitted  over  a  tingle  transmission  channel  or  link.  This 
process  of  multichannel  telemetry  Is  called  multiplexing.  Two  basic  methods  of  multi¬ 
plexing  are  employed,  each  combining  the  data  channels  In  such  a  way  that  they  can 
be  separated  again  at  the  receiving  end  of  the  telemetry  link.  These  are  frequency- 
division  multiplexing  and  time-division  multiplexing. 

I .  Frequency-Division  Multiplexing 

In  frequency-division  multiplexing,  several  carrter  signals  (called  sub¬ 
carriers)  are  amplitude  or  frequency  modulated,  each  by  a  separate  Information  signal. 
Each  subcarrler  occupies  a  separate  frequency  band,  usually  in  the  audio  range  of  400 
to  70,000  cycles  per  second.  The  modulated  subcarrters  then  are  mixed  together 
(added)  for  subsequent  transmission . 

In  a  wire-carrier  system,  the  composite  signal  may  be  sent  directly.  In  a 
radio  telemetry  system,  the  composite  signal  frequency  modulates  a  high-frequency  r-f 
carrier.  (If  both  the  subcarriers  and  carrier  are  frequency  modulated,  the  system  is 
termed  FM/FM;  if  the  subcarriers  are  amplitude  modulated,  the  system  is  termed 
AM/FM.) 


At  the  receiving  end,  the  individual  channels  are  separated  by  bandpass 
filters  for  demodulation.  In  the  radio  system,  of  course,  the  composite  subcarrier  signal 
first  must  be  separated  from  the  carrier  by  FM  detection. 
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Figure  95.  Pulse  Coding  for  Binary  Digital  Data 
2.  Tlme-Dlvlilon  Multiplexing 

Whereat  frequency-division  multiplexing  It  true  simultaneous  transmis¬ 
sion  of  separate  channels  (each  of  which  can  contain  continuous  analog  data),  time- 
division  multiplexing  consists  of  sequential,  cyclic  transmission  of  discrete,  discontinuous 
data.  This  multiplexing  technique  It  best  Illustrated  by  the  operation  of  a  rotating 
commutator,  In  which  the  several  Input  signals  are  switched  sequentially  onto  a  common 
output  channel.  The  pulse-modulated,  multiplexed  output  may  be  transmitted  directly 
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over  wire,  or  mod  to  modulate  a  high-frequency  r-f  carrier.  At  the  receiving  end,  the 
modulated  pulioi  aro  toparated  back  Into'  Individual  channels  by  a  decommutator  that 
li  synchronized  with  tht  lamp  ling,  rotating  commutator.  Figure  96  Illustrate*  thti 
technique  In  ilmpllfted  form. 
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Figure  96.  Simplified  Scheme  for  Time-Division  Multiplexing 
3.  Compound  Multiplexing 

Occasionally,  both  frequency-  and  time-division  multiplexing  are  used 
in  the  same  system.  A  common  technique  called  lubcommututing  involves  the  time- 
division  multiplexing  of  one  or  more  subcarrlers  In  a  basically  frequency-multiplexed 
(FM/FM)  system.  Thus,  several  channels  of  slow-varying  variables,  such  as  tempera¬ 
ture,  might  be  commutated  to  frequency  modulate  a  single  subcarrier  In  an  FM/FM 
system,  while  other  channels,  requiring  continuous  data  transmission,  would  each  mod¬ 
ule  a  separate  tubcarrler. 

IV.  In  format  I  on -Bandwidth  Considerations 

It  has  been  stated,  In  paragraph  II  above,  that  the  bandwidth  of  a  telemetry  system 
Is  generally  determined  by  the  nature  of  the  Information  being  transmitted.  Actually, 
until  relatively  recent  years  data  transmission  or  communications  engineers  did  not 
concern  themselves  with  the  Information  they  were  asked  to  transmit,  but  only  the 
electrical  signals  which  conveyed  that  Information:  their  waveforms  and  frequencies, 
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and  the  equipment  fidelity  required  for  their  reproduction. 

The  deeper  Investigation  Into  tho  actual  Information  content  cam*  about,  In  time, 
with  tho  need  for  groator  communication  capacity  (more  channels,  for  more  communi¬ 
cants)  and  for  bettor  (noise-free,  more  reliable)  communication  systems.  It  was  helped 
along  by  the  Investigation  of  pulsed  signal  techniques  (radar)  accompanying  World 
Warll. 

Early  concern  for  the  quantity  of  Information  was  related  to  the  continued  Im¬ 
provement  of  telegraphic  communication.  Following  the  work  of  Nyqulst  and  others, 
R.L.V.  Hartley  In  1928  developed  an  expression  for  the  quantity  of  Information  as  a 
product  of  bandwidth  and  time.  He  stated  that  a  message  of  M  symbols,  each  ehPsen 
from  an  "alphabet"  of  N  symbols,  has  N™  possible  sequences.  Hartley  then  said  that 
the  quantity  of  Information,  H,  Is  best  expressed  as  the  logarithm  of  those  possibilities, 
that  Is,  H  Is  proportional  to  M  log  N. 

This  diction  —  symbols,  choices,  alphabets  —  Is  central  to  the  basic  definition  of 
Information  as  a  choice  of  one  of  a  number  of  possible  conditions,  or  as  a  message  con¬ 
taining  a  certain  number  of  symbols  chosen  from  a  prescribed  alphabet  of  symbols. 
Thus,  one  way  to  describe  the  message  contained  on  this  page  Is  as  a  sequence  of  words 
chosen  from  a  dictionary,  or  of  letters  from  a  26-letter  alphabet.  The  simplest  choice 
of  course  Is  one  between  two  possibilities,  such  as  yes-or-no,  on-or-off,  1-or-0.  This 
Is  the  principal  behind  the  system  of  binary  digital  coding  shown  In  figure  95,  and  the 
binary  digit,  or  bit,  Is  the  basic  unit  of  Information.  By  such  a  system  IHs  possible  to 
describe  any  number  of  possibilities  as  a  sequence  of  suoh  binary  or  two-possiblllty 
choices.  Thus,  any  entry  In  a  quarter-mil  I  ton-word  vocabulary  or  dictionary  can  be 
encoded  by  no  more  than  18  such  bits  (2^®  Is  greater  than  250,000). 

In  more  Immediate  terms,  consider  how  the  above  factors  relate  to  the  transmission 
of  the  time-voltage  Information  contained  In  an  electrical  analog  signal  obtained  from 
a  biological  transducer.  Consider  a  signal  that  Is  band  limited  to  W  cycles  per  second, 
and  that  Is  sampled  twice  per  cycle  or  once  every  1/2W  seconds,  as  shown  by  the  sam¬ 
pling  ordinates  In  figure  97.  At  any  time  t,  or  at  any  sample  ordinate,  the  signal  will 
be  at  one  of  N  levels  of  amplitude.  By  Hartley's  relationship,  each  ordinate  then 
contributes  log  N  bits  of  Information. 

For  a  time  Interval  T,  there  will  be  2WT  sample  ordinates,  each  at  one  of  N  levels; 
thus,  there  are  N^WT  possible  sequences  In  Interval  T.  The  Information  rate,  H,  Is  the 
log  of  the  number  of  possibilities,  N^WT,  0r  (for  log  base  2) 

H  =  2W  log2  N  bits  per  second. 

The  total  quantity  of  Information  In  T  seconds  Is 
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Figure  97,  Sampling  and  Quantization  of  Conttnuoui  Signal 

which  In  turn  can  bo  expressed  ai  tho  Information  content  of  each  ordinate  (log2  N) 
times  the  number  of  ordinates  per  second  (2W)  times  the  time  (T). 

Substituting  some  possible  values,  If  the  bandwidth,  W,  of  the  signal  Is  100  cps, 
and  the  number  of  amplitude  levels,  N,  ts  8,  the  Information  rate,  M,  becomes 

H  -  2W  log2  N 

-  2(100)  (log 2  8) 

■  600  bits  per  second. 

Interestingly,  If  the  eight  amplitude  levels  were  In  turn  encoded  with  a  3-blt 
binary  code,  the  Information  rate  would  remain  the  same;  while  the  number  of  sampling 
ordinate*  (2W)  Is  effectively  trebled,  the  Information  content  of  each  ordinate  (log2  N) 
would  be  only  one-third  as  great,  since  N  Is  now  reduced  from  8  to  2,  and  log2  N  from 
3  to  1 .  Thus,  a  message  source  requiring  relatively  low  resolution  (two  levels)  but  rel¬ 
atively  wide  bandwidth  (600  bits  per  second)  has  bean  exchanged  for  one  requiring 
high  resolution  (eight  levels)  but  narrower  bandwidth  (200  bits  per  second),  with  no 
change  In  the  Information  rate. 

Hartley's  treatment  of  Information  capacity  ts  the  foundation  of  modem  Informa¬ 
tion  theory.  Its  single  greatest  weakness  Is  failure  to  account  for  the  effect  of  noise 
upon  communication.  This  aspect  of  the  problem  has  been  treated  In  the  statistical 
theory  of  communication.  Such  work  relies  heavily  on  the  mathematical  science  of 
probability;  full  treatment  is  beyond  the  scope  of  this  handbook,  but  the  Interested 
reader  Is  referred  to  general  references  (ref.  10,  37)  and  basic  engineering  texts  (ref. 
17,  45)  for  further  discussion. 

A  fundamental  law  of  Information  theory,  expressed  by  Claude  Shannon,  defines 
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the  theoretical  limit  of  the  capacity  of  a  communication*  channel,  relating  bandwidth 
and  signal -to-noise  ratio,  at  follower 

C  -  W  log2  (t  +  -JjL  ) 

where  C  li  the  capacity  In  bit*  per  tecond, 

PS  it  the  itgnal  power,  and 

PN  It  the  power  of  white  (Gauulan  or  randomly  distributed)  notie. 

This  relatlonihlp  Is  shown  graphically  In  figure  98,  for  several  different  S/N 
values.  The  direct  relationship  between  capacity,  bandwidth,  end  power,  Is  apparent. 

Thus,  doubling  channel  bandwidth  will  double  capacity  directly.  More  signifi¬ 
cantly,  for  a  constant  capacity,  doubling  channel  bandwidth  will  permit  a  much  greater 
reduction  In  power  required,  since  It  is  the  log  of  the  S/N  expression  that  is  halved. 

Conversely,  operating  on  the  signal  power  to  effect  greater  capacity  or  lower 
bandwidth  requires  proportionally  greater  changes  In  power.  It  remains  at  present 
preferable  to  operate  on  the  bandwidth,  or  to  operate  on  the  Information  directly  (by 
coding  and  Information  compression  techniques)  to  reduce  the  required  capacity. 
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Figure  98.  Information  Capacity  of  a  Channel 

The  noise  power  figure  employed  in  Shannon's  expression  Is  predicated  upon  ran¬ 
domly  distributed  (Gaussian)  noise  —  the  kind  of  disturbing  electrical  signals  present 
to  some  degree  In  all  electronic  (specifically  data  transmission)  equipment  because  of 
random  electron  movement  In  conductors.  Such  noise  sets  the  limit  of  the  resolution  of 
a  system,  that  Is,  of  the  number  of  leva!*  Into  which  a  signal  can  be  quantized.  Hence, 
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it  ultimately  limits  the  Information  rate  and  capacity  of  a  channel  .* 

A  simple  Illustration  Is  given  in  figure  99.  Part  A  shows  a  binary  coded  signal/ 
with  levels  N|  and  N2,  and  again  the  same  signal  with  a  noise  signal  of  given  level 
Imposed  upon  It.  Part  B  shows  the  same  noise  signal  Imposed  upon  a  five-level  signal/ 
where  the  noise  level  approaches  AN;  the  likelihood  of  error  in  reproducing  a  given 
level  Is  self-evident. 

There  are  several  possible  techniques  of  improving  system  reliability  and  resolution 
In  the  presence  of  noise.  One  technique/  where  delayed  transmission  Is  possible/  Is  to 
record  the  Information  signal  on  magnetic  tape/  and  then  play  the  tape  at  a  much  lower 
speed  Into  the  transmitter.  All  frequency  components  of  the  Information  signal  will  be 
proportionally  reduced,  so  that  the  S/N  ratio  for  a  given  bandwidth  will  be  signifi¬ 
cantly  Increased.  (Or  more  information  can  be  sent  over  the  same  bandwidth  channel 
with  no  reduction  in  SAJ  •) 

Conversely,  there  are  systems  In  which  transmission  rates  are  much  greater  than 
original  Information  rates  (advantageous  where  abnormally  high  S/N  ratios  obtain). 
And  pulse  codes  of  ever-lnereaslng  complexity  are  being  devised,  not  to  remove  error 

IIONAL.  NOIIC  II9NAL  +  NOISE 

rzjuir  juirtr 

(A)  N ■  2 


Sjb=  -fH/lr  /W 


(B)  N  »  5 

Figure  99.  Effect  of  Noise  for  Various  Values  of  N 


'‘'Practical  limits  also  obtain  from  non-Gausslan  noise  that  may  affect  a  particular 
transmission  link.  Thus,  sporadic  noise  from  static  discharges,  or  multichannel  cross¬ 
talk,  or  drops  In  S/N  ratio  due  to  signal  fading  over  long  distances,  must  be  dealt  with 
Independently. 
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from  the  transmission,  but  to  detect  it  so  that  the  original  information  can  still  be 
recovered . 

All  such  techniques  entail  added  equipment  complexity, and  the  cost  of  the  advan¬ 
tages  gained  must  be  weighed  In  terms  of  money  and  of  equipment  size,  weight,  and 
power  consumption. 

SYSTEM  CONSIDERATIONS 

I .  Wire  Systems 

Data  may  be  transmitted  over  wire  systems  In  two  ways  —  either  by  direct  trans¬ 
mission  or  by  carrier  transmission.  In  direct  transmission,  signals  may  be  sent  in  their 
original  form  or  in  one  of  the  pulse-encoded  formats  over  relatively  short  distances. 
For  longer  distances,  AM  or  FM  carrier  transmission  Is  used. 

A.  Direct-Wire  Transmission 

Basically,  a  direct-wire  transmission  link  consists  of  the  necessary  length  of 
conductor  between  system  components,  as,  for  example,  between  a  transducer  and  the 
preamplifier  In  the  input  of  a  recorder.  However,  as  the  length  of  such  a  link  Increases, 
there  ore  problems  In  transmitting  without  loss  of  Intelligence.  The  simple  conductor 
may  have  to  be  supplemented  with  additional  circuit  elements  and  components;  a  typi¬ 
cal  direct-wire  d-c  link  Is  shown  In  figure  100. 

1 .  Components 

The  circuit  In  figure  100  represents  a  single  channel  of  a  multichannel 
direct-wire  link  that  Is  used  in  the  medical  teaching  center  at  Baylor  University  (ref. 
14).  The  link  spans  as  much  as  a  quarter  of  a  mile  In  transmitting  experimental  meas¬ 
urement  data  to  various  display  locations  in  the  center.  The  circuit,  because  of  the 
distance  spanned,  includes  amplifiers,  shielded  conductors,  and  various  component¬ 
matching  and  coupling  circuits. 

a.  Amplifiers 

D-c  amplification  is  necessary  to  ensure  a  good  slgnal-to-noisa  ratio 
and  adequate  power  at  the  receiving  end  to  drive  the  terminal  display  or  recording 
equipment.  The  d-c  amplifier  used  In  figure  100  is  a  power  amplifier  of  the  type  used 
to  drive  the  pen  motors  In  galvanometrlc  recorders.  It  drives  the  lines  at  peak  signal 
levels  (near  100  volts)  into  3000-ohm  terminations.  The  theoretical  signal -to-nolse 
ratio  is  10,000  to  1 . 

A  preamplifier  also  Is  shown  that  may  be  thought  of  as  part  of  the 
Input  to  the  transmission  system,  since  Its  prime  function  Is  to  raise  the  transducer  out¬ 
put  to  the  Input  level  of  the  d-c  amplifier. 
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Figure  100.  Single  Channel  of  a  Direct-Wire  Link 

b .  Attenuators 

Having  amplified  the  signal  level  to  improve  the  signal -to-noise 
ratio  during  transmission,  the  level  at  the  receiving  end  may  have  to  be  reduced  with 
attenuators  to  avoid  overdriving  the  recording  or  display  equipment.  Attenuators  are 
resistive  voliage-dividing  networks,  such  as  that  shown  in  the  distribution  panel  in 
figure  100. 

c.  Filters 

Filter  circuits  are  used  to  match  frequency  ranges  between  parts  of  a 
circuit.  The  circuits  usually  are  resistance-capacitance  inductance  couplings  which 
block  frequency  components  in  a  signal  that  are  above,  below,  or  between  certain  pre¬ 
determined  limits.  The  variable  capncl tors  used  in  the  voltage  dividers  In  figure  100 
are  filtering  elements;  they  can  be  used  to  adjust  the  frequency  response  of  the  link, 
which  ranges  from  0  to  5000  cps. 

d.  Impedance -Matching  Devices 

Input  and  output  Impedances  between  components  must  be  matched 
properly  for  the  most  effective  transfer  of  signal  power  in  a  measurement  system.  Refer 
to  the  discus,  on  of  these  various  components  on  pages  59  and  71, 

2.  Selection  of  Wire  and  Cable 

The  transmission  of  d-c  or  very-low-frequency  a-c  signals  over  direct 
wire  links  is  limited  chiefly  by  line  or  loop  resistance  and  leakage  resistance,  while 
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the  tronimlision  of  high  frequenclei  ii  limited  by  line  capacitance.  For  the  construc¬ 
tion  of  open-wire  lines,  standard  AWG  and  BWG  copper  wire  with  resistances  of  about 
2  to  6  ohms  per  mile  generally  is  used.  When  making  computations  to  determine  linear 
line  resistance,  the  entire  loop  resistance  must  be  considered.  For  example,  if  an  open- 
wire  line  is  to  be  operated  between  two  locations  3  miles  apart  and  the  line  Is  con¬ 
structed  of  No.  6  AWG  copper  wire  (with  resistance  of  2.09  ohms  per  mile),  the  value 
of  the  line  resuiance  (since  the  current  must  return  to  the  transmitting  point  over  a 
closed  circuit)  is  2  x  3  x  2.09  ■  12.54  ohms.  The  linear  resistance  of  open-wire  line, 
however,  frequently  is  a  less  Important  factor  than  leakage  resistance. 

Leakage  resistance  acts  as  a  shunt  across  the  terminals  of  the  telemeter¬ 
ing  link.  This  resistance  vartes  with  weather  conditions,  and  may  affect  the  accuracy 
of  some  instruments  materially.  The  leakage,  depending  upon  the  insulation  resistance 
of  the  wire  and  Its  supports,  Is  low  In  dry  weather  and  high  tn  wet  weather.  Therefore, 
open-wire  lines  should  be  designed  on  a  basis  of  wet-weather  conditions,  when  resist¬ 
ance  Is  lower.  Convenient  values  to  use  as  approximations  are  0.2  megohm  per  mile 
(between  line  and  ground)  and  0.4  megohm  per  mile  (between  conductors). 

Open-wire  lines  cannot  be  used  where  the  system  is  subject  to  electrical 
interference  from  external  sources,  such  as  power  lines  and  large  electrical  equipment. 
For  such  applications,  shielded  cable  conductors  must  be  employed.  Shielded  cable 
conductors,  unlike  open-wire  lines,  present  no  leakage  resistance  problem.  The  Insula¬ 
tion  resistance  of  cable  conductors  In  good  condition  usually  Is  high  enough  so  that, 
neglecting  leakage,  the  determining  factor  of  the  operating  range  at  low  frequencies  Is 
simply  tho  linear  resistance  of  the  cable  loop.  Some  of  the  commonly  used  AWG  cables 
have  loop  resistances  as  low  as  11  ohms  per  mile  (AWG  13)  and  as  high  as  200  ohms 
per  mile  (AWG  26)  (ref.  5). 

B.  Wire-Carrier  Transmission 

A  wire  carrier  system  requires,  In  addition  to  the  wire  link,  a  carrier  trans¬ 
mitter  and  receiver,  plus  modulation  and  demodulation  circuitry.  Most  of  these  com¬ 
ponents  are  described  elsewhere  in  this  section .  Actually,  most  applications  requiring 
modulation  and  carrier  conversion  are  more  suitably  implemented  with  an  r-f  link. 

There  are,  however, certain  wire-carrier  techniques  that,  using  existing  facil¬ 
ities,  can  serve  a  physiological  monitoring  application  without  incurring  the  major 
expense  of  line  installation. 

1 .  Carrier-Current  Systems 

Although  power  lines  are  designed  for  25-  to  60-cps  operation,  they  can 
be  used  for  telemetry  links  using  carrier  frequencies  ranging  from  20  kc  to  300  kc,  and 
are  capable  of  handling  up  to  18  different  data  channels  simultaneously.  Line  losses 
can  be  reduced  by  suitable  design  to  0.2  db/1000  feet  for  20-kc  signals,  and  to  0.9 
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db/1000  feet  for  300-kc  signals  (ref.  5). 

Wire-type  Interconnecting  circuits  are  either  grounded  or  ungrounded . 
The  grounded  circuits  include  a  one-wire  conductor  and  the  earth  (ground)  as  a  return 
path,  and  a  two-wire  balanced  grounded  type.  The  ungrounded  circuit  has  two  dis¬ 
tinct  wire  conductors.  In  general,  two-wire  circuits  are  preferred  to  grounded  circuits; 
the  latter  type  Is  subject  to  ground-potential  differences,  such  as  those  caused  by  large 
electrical  systems  or  magnetic  storms.  At  locations  a  few  hundred  miles  apart,  differ¬ 
ences  in  ground  potentials  greater  than  500  volts  may  be  experienced.  Two-wire  lines, 
while  not  subject  to  such  disturbances,  are  exposed  to  the  effects  of  static  atmospheric 
conditions.  Both  grounded  and  two-wire  lines  are  subject  to  severe  disturbances  when 
exposed  to  abnormal  operating  conditions  if  located  near  power-transmission  lines 
(ref.  5),  but  the  grounded  system  is  more  adversely  affected. 

Shielded  coaxial  cable  circuits  avoid  most  of  these  difficulties.  Although 
relatively  expensive,  they  should  boused  whenever  maximum  reliability  Is  required. 

C.  Installation  of  Wire  Links 

A  transmission  line  for  physiological  telemetering  purposes  should  be  installed 
carefully,  since  stable  lines  result  In  efficient  operation  with  minimum  breakdown.  All 
joints  and  splices  should  have  sound  mechanical  and  solder  connections,  particularly  in 
those  Installations  operating  with  low  energy  levels.  Temperature  and  weather  condi¬ 
tions  (Including  wind  vibration)  also  must  be  considered,  since  some  telemetering  sys¬ 
tems  depend  on  unvarying  line  conditions  for  accuracy. 

When  ground  circuits  are  used,  the  system  should  not  be  grounded  In  the 
vicinity  of  a  high-voltage  station  ground.  If  trouble  develops  in  the  power  system,  the 
disturbances  may  Impair  the  operation  of  the  telemetering  equipment.  These  disturb¬ 
ances  can  be  minimized  by  grounding  the  telemetering  system  at  a  point  as  remote  as 
possible  from  all  power  systems. 

II.  Radio  Systems 

A.  Equipment 

1.  Telemetry  Transmitters 

The  telemetry  transmitter  generates  the  r-f  carrier,  modulates  the  carrier 
with  the  Intelligence  signals,  and  then  amplifies  the  modulated  carrier  to  provide  suf¬ 
ficient  power  to  radiate  the  r-f  signals  from  an  antenna. 

Generally,  telemetering  transmitters  should  be  small,  light,  reliable,  and 
undisturbed  by  ambient  conditions,  and  should  consume  little  power.  The  lightweight 
and  low-power-consumption  requirements  may  not  be  Important  in  some  applications. 
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Transmitters  with  direct  frequency-modulated  oscillators  suffer  consider¬ 
ably  from  frequency  drift  because  of  temperature  variations.  This  frequency  drift 
usually  is  small  enough  so  that  it  can  be  compensated  for  by  receivers  having  automatic 
frequency  control  features.  However,  a  drifting  transmitter  frequency  wastes  space  in 
the  restricted  r-f  spectrum  available  for  telemetering.  Therefore,  crystal -control  led 
transmitters  with  frequency  and  modulation  characteristics  that  are  relatively  Immune 
to  ambient  temperature  variations  are  becoming  increasingly  popular  In  telemetering 
applications. 

Ambient  vibration  can  introduce  a  considerable  amount  of  spurious  mod¬ 
ulation  In  a  transmitter.  This  Is  especially  true  in  FM  and  PM  transmitters,  since 
changes  in  frequency  often  result  when  the  distributed  parameters  of  high-frequency 
circuits  are  disturbed  by  vibrations.  Air— dielectric  capacitors,  stray  wiring  capaci¬ 
tance,  air-core  inductors,  and  the  interelectrode  capacitance  of  vacuum  tubes  are  a 
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frequency  modulation  In  the  early  stage!  causes  an  intolerable  amount  of  spurious 
modulation  in  the  output.  Shock  and  vibration  mountings  should  be  used  with  such 
units. 


FM  radio  links  are  commonly  used  in  r-f  telemetry.  (They  are  standard 
for  the  216-  to  260-mc  telemetering  band.)  Transmitters  with  excellent  frequency 
stability  (obtained  in  many  cases  by  crystal -controlled  oscillators)  are  used  in  order  to 
use  the  available  frequency  allocations  efficiently.  FM  telemetry  components  are 
available  as  system  building  blocks  from  many  manufacturers,  so  that  many  physiolog¬ 
ical  applications  can  be  satisfied  with  off-the-shelf  telemetry  hardware.  Typical  units 
for  FM/FM  are  shown  in  figure  101,  including  a  subcarrier  oscillator,  pulse-duration 
modulator,  mixer  amplifier,  transmitter,  and  power  amplifier. 

The  power  amplifier  shown  in  figure  101  produces  25  watts  of  r-f  power 
In  the  216-  to  260-megacycle  band,  with  an  Input  of  2  watts  or  less  from  a  transmitter. 
The  system  designer  determines  whether  power  amplifiers  such  as  these  are  necessary, 
or  whether  transmission  can  be  completed  with  the  relatively  low-power  transmitter 
outputs  available  (from  several  milliwatts  to  several  watts).  If  the  transmitter  output 
is  very  low  (|usta  few  milliwatts)  and  the  power  required  for  transmission  Is  high  (near 
100  watts),  an  intermediate  power  amplifier  may  be  necessary  to  raise  the  transmitter 
output  to  a  level  (1  or  2  watts)  sufficient  to  drive  the  power  amplifier. 

Typical  of  the  simpler  transmitters  useful  In  physiological  monitoring  Is 
the  3-stage  FM/FM  unit  shown  In  block  diagram  form  In  figure  102.  The  first  stage  is 
a  crystal -control  led  oscillator,  with  biasing  and  modulation  controlled  by  two  varicap 
diodes.  The  second  stage  is  a  third-harmonic  amplifier,  and  the  third,  output  stage  Is 
a  fourth-harmonic  amplifier,  so  that  the  oscillator  frequency  Is  multiplied  by  a  factor 
of  12.  With  modulating  frequencies  of  up  to  30  kc,  the  carrier  deviation  is  60  kc  about 
a  center  frequency  of  228.2  megacycles. 

This  transmitter  was  designed  to  accept  12  subcarrier  channels  of  low- 
level  physiological  data,  all  of  which  are  applied  In  parallel  to  the  input  mixing 
resistor.  It  delivers  more  than  1  milliwatt  power  directly  to  an  antenna  for  a  transmis¬ 
sion  range  of  about  1  mile.  The  entire  transmitter,  with  signal-conditioning  circuitry 
and  battery  power  supply,  fits  Into  a  package  8  x  3-1/2  x  1/2  inches. 

2.  Telemetry  Receivers 

The  telemetry  receiver  amplifies  the  r-f  signal  intercepted  by  its  antenna, 
converts  it  to  a  lower  frequency,  and  then  removes  the  r-f  carrier.  The  remaining 
signal  is  identical  to  that  used  to  modulate  the  carrier  generated  by  the  r-f  transmitter. 
If  multiplexing  was  used,  the  modulating  signal  is  then  separated  into  its  original  com¬ 
ponents  to  reproduce  the  separate  channels  of  data. 

If  time-division  multiplexing  was  employed,  the  output  signal  is  applied 
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Figure  102.  Simple  Three-Stag*  FM  Transmitter 

through  a  bank  of  filters  for  separation  of  the  Individual  subcarriers,  and  each  sub- 
carrier  then  Is  applied  to  a  discriminator  for  removal  of  the  subcarrier  frequency, 
yielding  as  outputs  (1)  the  data  signals  originally  applied  to  an  FM/FM  modulating 
scheme,  or  (2)  pulse  trains  such  as  are  derived  from  pulse -type  subcommutatlon.  The 
latter  signals  must  of  course  be  applied  to  appropriate  docommutatlon  circuits  for 
recovery  of  the  data  so  encoded . 

The  components  of  a  typical  FM/FM  receiver  are  shown  In  figure  103. 
The  r-f  amplifier  Isa  hlgh-gatn  circuit  which  raises  the  level  of  the  signal  from  the 
receiving  antenna.  Its  output  Is  mixed  In  the  converter  with  the  output  from  the  local 
oscillator.  The  local  oscillator  Is  frequency  controlled,  at  a  frequency  which  Is  either 
above  or  below  the  frequency  of  the  r-f  signal  being  received.  The  output  of  the 
converter  Is  at  a  lower,  Intermediate  frequency;  It  Is  the  difference  between  the  r-f 
and  local  oscillator  frequencies. 
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Figure  103.  Typical  FM/FM  Receiver 
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The  l-f  amplifier  and  limiter  are  two  additional  stages  of  amplification. 
The  limiter  hat  the  additional  function  of  removing  any  amplitude-modulation  compo¬ 
nent!  on  the  frequency-modulated  signal,  so  that  they  will  not  be  detected  by  the 
following  discriminator  circuit.  The  discriminator  circuit  then  demodulates  the  i-f 
signal.  The  output  (In  the  usual  multichannel  application)  Is  the  composite  signal 
which  was  used  to  modulate  the  transmitter. 

This  output  is  amplified  In  a  video  amplifier  and  then  applied  through 
bandpass  filters  to  Individual  subcarrter  discriminators  and  filters  for  final  extraction  of 
the  data  signals  that  were  being  transmitted. 

Chief  considerations  In  r-f  receiver  design  are  stability  and  low-noise 
operation.  Stability  is  Implemented  by  the  use  of  crystal -control  led  oscillators,  and  by 
various  schemes  of  automatic  frequency  control  (afe  compensates  for  drifting  of  the 
oscillator  frequency  after  extended  periods  of  operation).  Low-noise  operation  Is  opti¬ 
mized,  within  the  limits  of  a  wide  frequency  response  characteristic,  by  carefully 
tuning  the  r-f  and  l-f  stages  to  reject  all  but  the  desired  band  of  frequencies.  Noise 
amplitude  components  also  are  minimized  by  the  use  of  automatic  gain  control;  this  ts 
obtained  by  feeding  part  of  the  negative  bias  from  the  limiter  stage  back  to  the  r-f  and 
l-f  amplifiers,  so  that  sharp  amplitude  rises  at  the  limiter  will  reduce  the  output  of  the 
preceding  stages. 

3.  Antennas 

When  a  current  (from  a  transmitter)  alternates  In  a  conductor  at  high 
radio  frequencies,  portions  of  the  electric  and  magnetic  fields  that  normally  build  up 
and  collapse  about  the  conductor  (transmitting  antenna)  are  radiated  Into  space.  The 
electromagnetic  fields  travel  away  from  the  antenna  at  the  speed  of  light,  and  deliver 
a  usable  portion  of  power  to  a  receiving  antenna,  which  intercepts  the  energy  at  great 
distances  from  the  transmitting  antenna. 

a.  Basic  Antenna  Types 

The  basic  antenna  configuration  Is  a  half-wave  dipole,  consisting  of 
two  lengths  of  wire  or  metal  tubing,  each  a  quarter-wave  long  at  the  transmission 
frequency.  A  dipole  set  up  In  a  vertical  plane  radiates  equally  In  all  directions.  The 
electric  wave  from  the  antenna  Is  In  a  vertical  plane,  as  shown  In  figure  104,  and  the 
antenna  Is  said  to  be  vertically  polarized,  If  the  dipole  Is  in  a  horizontal  plane,  it 
radiates  a  horizontally  polarized  electric  wave,  as  shown  In  figure  104;  Its  radiation  Is 
concentrated  about  a  line  perpendicular  to  the  dipole,  as  shown  in  figure  105. 

The  operation  of  the  half-wave  dipole  Illustrates  the  basic  principle 
of  antennas.  The  wise  variety  of  antenna  configurations  are  designed  for  maximum 
effectiveness  at  various  transmitting  frequencies  and  ranges,  and  for  particular  patterns 
of  radiation  directivity. 
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Multi -element  vertical  dlpola-typa  antenna*,  for  example,  can 
exhibit  horizontal  radiation  patterns  quite  different  from  the  regular  figure  8  shown  In 
figure  105.  A  two-element  antenna  with  two  driven  or  excited  In-phaie  element* 
radiate*  a  similar  flgure-8  pattern,  but  with  much  narrower  lobe*  (figure  106).  A  driven 
element  with  a  parallel,  unexcited  element  Is  unidirectional  (figure  106).  A  Yagl 
antenna,  which  ha*  one  driven  element  and  two  or  more  parasitic  element*  called  re¬ 
flector*  and  director*,  I*  essentially  unidirectional,  with  a  negligible  minor  lobe  and  a 
ma|or  lobe  that  It  concentrated  In  a  narrow  beam  (figure  106). 

At  microwave  frequencies  the  radio  wave*  exhibit  optical  proper* 
tie*,  and  they  can  be  focu»ed,with  reflecting  element*  of  parabolic  shape,  Into  parallel 
lines  forming  a  very  narrow  beam  (figure  107),  The  excited  element  shown  I*  again  a 
half-wave  dipole,  with  a  parallel  reflector  to  direct  It*  radiation  toward  the  parabolic 
reflector.  The  reflector  may  al*o  be  driven  by  a  waveguide,  which  feed*  the  energy  to 
the  focal  point  of  the  parabola,  from  which  It  can  be  reflected  agaln*t  the  parabolic 
surface . 

Similar  In  reflective  principle  I*  the  corner  reflector,  which  consists 
of  two  conducting  sheet*  that  meet  at  an  angle,  with  the  exciting  element  In  a  plane 
which  bt»ect»  the  corner  (figure  107).  Thl*  type  of  antenna  ha*  somewhat  higher  gain 
than  the  parabolic  type. 
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Figure  106.  Radiation  Patterns  of  Multi-Element  Antenna* 
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Another  highly  directional  antenna  i>  the  horn  radiator.  The  horn 
Is  a  travelling  wave  antenna,  as  opposed  to  the  dipole  types  discussed  above,  which 
are  normally  standing-wave  devices.  In  the  dipole,  the  wavefront  of  the  signal  from 
the  transmitter  is  reflected  from  the  unterminated  ends,  setting  up  standing-wave  pat¬ 
terns  along  the  antenna,  and  making  the  fundamental  radiation  characteristic  of  the 
single-element  antenna  omnidirectional.  The  horn,  however,  is  shaped  so  as  to  match 
the  impedonee  of  the  waveguide  or  transmission  line  with  the  impedance  of  free  space 
(377  ohms),  so  that  a  minimum  of  the  energy  is  reflected  after  it  leaves  the  transmitter. 
Thus,  the  radiation  from  the  horn  travels  outward  In  the  direction  of  the  wave  motion 
(figure  107). 


b.  Transmitting  Antennas 

Inmost  telemetry  applications,  highly  directive  antennas  are  desir¬ 
able.  For  transmission  between  aerospace  vehicles  and  ground,  however,  aerodynamic 
considerations  and  the  structural  design  of  the  vehicle  may  prevent  the  use  of  the  most 
effective  antenna.  The  relative  position  of  the  transmitter  and  the  available  antenna 
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Figure  107.  Reflector  and  Horn  Antenna  Configurations 
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locations  may  determine  the  antenna  type.  Wire  radiators  and  reflector  types  such  as 
that  described  above  may  be  employed,  or  the  antenna  may  be  Incorporated  In  some 
part  of  the  vehicle  structure. 

Direct  excitation  of  part  of  the  vehicle  body  can  sometimes  be  used 
to  obtain  an  effective  transmitting  antenna,  depending  on  the  dimensions  of  and  the 
ability  to  Insulate  the  radiating  part  from  the  rest  of  the  vehicle.  An  airplane's  wings 
can  be  used  as  a  dipole  for  long-wavelength,  low-frequency  transmission.  Similarly, 
the  nose  cap  or  spike  on  high-velocity  vehicles  can  sometimes  be  used  as  an  antenna. 

Under  certain  conditions,  a  notch  or  slot  In  a  conducting  surface  can 
be  used  as  dipole  radiators.  Such  a  notch  can  be  cut  In  the  trailing  edge  of  a  wing  or 
tail  fin,  for  example,  and  be  fed  by  a  coaxial  line,  or  a  slotted  waveguide  termination 
may  be  mounted  flush  with  the  surface  of  a  vehicle. 

c.  Receiving  Antennas 

The  principal  receiving  antennas  used  with  missile  and  space  telem¬ 
etry  systems  are  the  parabolic  dish,  the  helical  beam  array,  and,  occasionally,  the 
dipole  and  Vagi  types  used  with  communications  systems.  The  principal  factor  affecting 
the  sensitivity  and  overall  gain  of  receiving  antenna  arrays  is  size,  and  at  ground 
receiving  sites  size  Is  limited  primarily  by  cost.  If  a  stronger  signal  Is  needed  In  a 
given  application,  it  usually  Is  possible  to  make  the  antenna  larger.  As  with  transmit¬ 
ting  antennas,  receiving  antennas  should  be  located  as  close  to  reoelving  equipment  as 
possible  to  minimize  the  length  of  transmission  line  used  to  link  components, 

With  the  directive  transmission  characteristic!,  of  most  telemetry 
systems,  antenna  design  factors  such  as  polarization  and  orientation,  which  affect  the 
sensitivity  and  gain  of  the  antenna  system,  are  extremely  Important.  With  parabolic 
dish  antennas  or  helical  beam  arrays,  some  means  of  keeping  the  antenna  pointed  at 
the  transmitting  antenna,  either  manually  or  automatically  (such  as  by  slaving  the 
receiving  antenna  to  a  tracking  radar),  must  be  provided. 

To  ensure  a  high  signal-to-noise  ratio,  especially  with  long-range 
transmissions  such  as  from  space  to  ground,  preamplifiers  are  sometimes  used  to  boost 
the  antenna  output  fed  to  the  receivers.  For  this  application,  low-noise  amplifiers  of 
special  design  are  employed;  some  new  devices  are  parametric  amplifiers,  traveling 
wave  tubes,  and,  most  recently,  ruby  masers. 

B.  AM  Systems 

1 .  Principles  and  Techniques 


Amplitude  modulation  Is  the  variation  of  the  amplitude  of  a  carrier  In 
accordance  with  the  variations  of  an  intelligence-carrying  Input  signal.  The  Input 
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signal  normally  is  varying  both  in  amplitude  and  in  time  (a  frequency  component),  so 
the  modulation  is  twofold:  the  carrier  amplitude  changes  with  the  amplitude  of  the 
Input  signal,  and  it  changes  at  a  rate  determined  by  the  frequency  of  the  Input  signal . 

In  practice,  the  carrier  Is  a  sinusoidal  waveform  generated  at  a  radio- 
frequency  rate  (many  thousand  or  million  cycles  per  second);  the  Input  signal  Is  a  lower 
frequency  waveform  (less  than  15,000  cycles  per  second),  called  an  audio  signal .  The 
circuits  that  do  the  modulating  normally  ere  located  In  the  transmitter  of  the  carrier 
system.  Figure  108  shows  a  block  diagram  of  a  typical  amplitude-modulated  radio 
transmitter. 


Figure  108.  Typical  Amplitude-Modulated  Transmitter 

The  audio  section  contains  two  stages  of  Input  signal  amplification  and  a 
modulator  circuit.  This  modulator  circuit  normally  Is  a  coupling  device,  such  as  a 
transformer,  which  connects  the  amplified  Input  to  the  power  amplifier  In  such  a  way 
as  to  Impress  the  audio  variations  upon  the  carrier.  There  are  several  techniques  for 
accomplishing  this,  depending  upon  where  In  the  power  amplifier  stage  the  audio  is 
introduced.  The  following  are  the  most  common: 

a.  Plate  Modulation.  Here,  the  audio  is  added  (or  subtracted)  from  the 
output  of  the  power  amplifier, 

b.  Control  Grid  Modulation.  The  audio  is  applied  to  the  control  grid 
of  the  power  amplifier,  where  it  Increases  or  decreases  the  bias  on  the  amplifier,  con¬ 
trolling  Its  power  output. 

Plate  modulation  Is  known  as  a  brute  force  technique;  much  more  power 
is  needed  for  modulation,  since  it  is  being  added  directly  to  the  signal  feeding  the 
amplifier.  Much  less  power  is  required  for  grid  modulation,  since  it  takes  advantage 
of  the  amplification  In  the  power  output  stage;  however,  the  amount  of  modulation  so 
achieved  normally  is  less  than  half  that  possible  with  plate  modulation, 
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2.  Bandwidth  Requirement 

The  wave  produced  by  amplitude  modulating  a  carrier  with  a  low- 
frequency  sine  wave  consists  of  three  separate  components:  the  carrier  frequency  and 
two  sideband  frequencies  (tee  figure  109).  The  sidebands  are  the  result  of  the  sum  and 
the  difference  of  the  carrier  frequency  and  the  modulating  frequency.  If  a  100-kc 
carrier  Is  amplitude  modulated  by  a  100-cps  signal/  the  upper  sideband  is  100  kc  + 
0.1  kc  <=  100.1  kc  while  the  lower  sideband  Is  100  kc  -  0. 1  kc  =  99.9  kc. 

Because  an  amplitude-modulated  wave  has  sidebands  on  each  tide  of  the 
carrier  frequency,  this  method  of  transmitting  information  requires  that  a  band  of  fre¬ 
quencies  be  used  rather  than  a  single  frequency.  Consequently/  If  Intelligence  it 
transmitted  using  a  maximum  amplitude-modulating  frequency  of  5  kc,  a  bandwidth  of 
10  kc  (5  kc  on  either  side  of  the  carrier  frequency)  is  required.  The  sideband  frequen¬ 
cies  must  be  Included  in  the  transmission  and  reception  of  amplitude-modulated  sig¬ 
nals,  since  the  Intelligence  Is  all  contained  in  the  sidebands. 

3.  Percentage  of  Modulation 

The  degree  of  modulation  In  an  amplitude-modulated  signal  Is  expressed 
by  the  percentage  of  maximum  departure  from  the  normal  value  of  the  carrier.  The 
effect  of  such  a  modulated  wave,  as  measured  by  receiver  response,  Is  proportional  to 
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Figure  109.  Waveforms  Produced  by  Amplitude  Modulation 
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the  degree,  or  percentage,  of  modulation.  The  percentage  of  modulation  may  be  deter¬ 
mined  by  the  equation: 

E_«*  -  Emi- 

percentage  of  modulation  =  '  ' .  x  100 

**car 

where  Emax  =  the  maximum  instantaneoui  value  of  the  modulated  carrier 

Emin  “  the  minimum  instantaneous  value  of  the  modulated  carrier 

Ecar  e  the  maximum  Instantaneous  value  of  the  unmodulated  carrier. 

Since  the  intelligence  in  an  amplitude-modulated  waveform  is  contained 
In  the  sidebands,  as  much  power  as  possible  should  be  placed  Into  the  sidebands.  To 
accomplish  this,  a  high  percentage  of  modulation  must  be  used;  l.e.,  the  amplitude  of 
the  modulated  carrier  should  be  varied  as  much  as  possible.  When  the  amplitude  of  the 
carrier  decreases  completely  to  zero  and  increases  to  twice  Its  normal  unmodulated 
amplitude  during  the  modulation  cycle,  the  carrier  ts  100  percent  modulated  and  the 
sidebands  contain  the  maximum  permissible  amount  of  power  (one-half  the  power  con¬ 
tained  in  the  carrier). 

4.  Demodulation 

Demodulation  is  the  process  of  recovering  the  intelligence  from  a  modu¬ 
lated  or  an  encoded  wave.  Demodulators  (detectors)  for  an  amplitude-modulated 
carrier  produce  voltages  that  vary  in  accordance  with  the  amplitude  of  an  amplitude- 
modulated  wave.  In  other  words,  the  action  that  takes  place  in  a  demodulator  or  a 
detector  circuit  is  the  reverse  process  of  that  which  occurs  In  a  modulator. 

a.  Frequency  Conversion 

In  most  receiving  systems,  the  initial  step  towards  converting  the 
modulated  carrier  frequency  to  the  desired  Information  is  to  change  the  frequency  of 
all  received  signals  to  a  common  intermediate  frequency  by  mixing  the  received  signal 
with  a  signal  produced  by  a  local  oscillator  within  the  receiver.  The  result  of  this 
mixing  action  (heterodyne  action)  is  four  different  frequencies:  the  two  originals,  their 
sum,  and  their  difference.  The  difference  frequency  ts  selected  by  appropriate  band¬ 
pass  filters  and  is  used  as  the  intermediate  frequency.  Regardless  of  the  method  of 
modulation  used  to  impress  intelligence  upon  the  carrier,  the  Information  characteris¬ 
tics  of  the  received  signal  still  exist  in  the  intermediate-frequency  signal. 

The  principle  of  frequency  conversion  by  heterodyne  action  can 
reduce  any  desired  transmitted  frequency  within  the  receiver  range  to  a  common  inter¬ 
mediate  frequency.  A  received  signal,  therefore,  is  converted  to  the  fixed  intermediate 
frequency  before  the  actual  demodulation  process  takes  place.  The  intermediate- 
frequency  amplifiers  in  the  receiver  operate  under  uniformly  optimum  conditions 
throughout  the  receiver  range;  thus  the  intermediate  frequency  circuits  can  be  made 
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uniformly  selective,  uniformly  High  in  gain,  and  uniformly  of  satisfactory  bandwidth  to 
contain  all  of  the  desired  sideband  components  auoclated  with  the  modulated  carrier 
signal . 

b.  Detection  of  Amplitude-Modulated  Carrier 

An  amplitude-modulated  carrier  it  detected  by  rectification  and 
filtering.  An  amplitude-modulated  wave  it  shown  in  A  of  figure  110.  The  modulating 
frequency  varies  the  amplitude  of  both  the  positive  and  the  negative  half  cycles  of  the 
modulated  wave.  The  first  function  of  a  detector  it  to  rectify  the  modulated  wave  In 
order  to  produce  a  series  of  radio-frequency  pulses  having  amplitudes  that  vary  in 
accordance  with  the  modulating  signal  (i  of  figure  110).  The  radio-frequency  pulses 
then  are  filtered  out,  leaving  the  desired  Information  signal  as  shown  in  C  of  figure 
110. 
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Several  types  of  detectors  are  available  for  the  demodulation  of  an 
amplitude-modulated  carrier.  One  of  the  simplest  and  most  widely  used  is  the  diode 
detector.  It  uses  a  simple  diode  for  rectification  and  a  low-pass  resistance-capacitance 
filter  to  suppress  the  radio  frequencies.  Other  types  of  detectors  include  the  grid-leak 
detector  and  the  plate  detector.  Although  the  grid-leak  and  plate  detectors  offer 
greater  sensitivity  than  the  diode  detector,  the  diode  detector  Is  more  linear  and  Is 
capable  of  handling  stronger  signals  without  overloading. 

C .  FM  Systems 

1 .  Principles  and  Techniques 

Frequency  modulation  ts  the  variation  of  the  frequency  of  a  carrier  in 
accordance  with  the  variations  of  an  intelligence-carrying  Input  signal .  Like  ampli¬ 
tude  modulation,  it  is  a  twofold  variation:  the  amplitude  of  the  input  signal  determines 
the  extent  of  frequency  change,  and  the  frequency  of  the  input  signal  determines  the 
rate  of  frequency  change.  This  preserves  the  amplitude-versus-time  intelligence  on 
the  original  input  signal. 

The  circuits  that  do  the  modulating  normally  are  associated  with  the 
transmitter  of  the  carrier  system.  Frequency-modulated  transmitters  normally  consist  of 
a  carrier  oscillator,  which  generates  a  sinusoidal  stgnal  at  a  frequency  well  below  that 
which  Is  radiated  by  the  antenna;  one  or  more  stages  of  frequency  multiplication;  the 
final  power  amplifier)  and,  of  course,  the  modulation  circuits.  There  are  two  methods 
of  frequency  modulating  a  carrier;  direct-coupled  modulation  and  variable-reactance 
modulation,  Since  phase  modulation  Is  related  closely  to  frequency  modulation,  it  is 
discussed  as  a  third  method.  (Refer  to  figure  111.) 

a.  Direct-Coupled  or  Mechanical  Modulation 

The  frequency  of  th'-  carrier  oscillator  is  determined  by  the  induc¬ 
tive  and  capacitive  elements  In  the  tank  circuit  of  the  oscillator;  changing  these 
reactive  elements  changes  (modulates)  the  frequency  directly,  In  a  direct-coupled 
modulator,  a  variable  reactance  device,  such  as  a  capacitor  microphone,  Is  placed 
directly  in  the  tank  circuit  of  the  oscillator.  In  o  monitortng  system,  this  system  has 
the  advantage  of  connecting  the  mechanlcal-to-electrical  transducer  directly  into  the 
data-transmlsslon  link.  Actually,  direct  microphone  modulation  seldom  is  used;  but 
certain  variable-capacitance  transducers  used  as  pressure  or  displacement  sensors  in 
physiological  monitoring  can  be  conveniently  connected  directly  into  the  subcarrier 
oscillators  of  a  multichannel  system. 

b.  Variable-Reactance  Modulation 

Invariable-reactance  modulation,  the  modulating  signal  is  applied 
to  a  tube  or  diode  circuit  whose  reactance  varies  with  changes  in  the  modulating 
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Figure  111.  Principal  Types of  Frequency  Modulation 

signal .  With  the  circuit  connected  acrou  the  tank  circuit  of  the  carrier  oscillator,  the 
frequency  of  the  oscillator  stage  thereby  varies  with  the  Input  signal . 

With  no  modulating  signal  in,  the  output  of  the  tube  (or  diode)  cir¬ 
cuit,  controlled  by  oscillation  in  the  tank  circuit,  Is  a  series  of  pulses  at  the  basic 
carrier  frequency.  When  a  modulating  Input  is  applied  across  the  grid  of  the  tube,  the 
plate  current  of  the  tube  Increases  or  decreases.  The  plate  current  drawn  through  the 
tank  circuit  acts  like  a  change  in  capacitance,  which  varies  the  frequency  of  oscilla¬ 
tion  in  the  tank  and  the  frequency  of  the  pulses  from  the  tube, 

The  basic  frequency  of  the  oscillator  Is  a  low  radio  frequency,  and 
following  stages  of  frequency  multiplication  (see  figure  111)  raise  this  to  the  high  radio 
frequency  that  Is  fed  Into  the  power  amplifier. 

Other  types  of  frequency  modulation  Include  Inductance  tube  cir¬ 
cuits  for  use  with  Inductively  tuned  oscillators, and  solid-state  circuits  using  a  varactor 
(a  negatively  biased  diode).  In  a  varactor  circuit,  the  capacitive  reactance  of  the 
stage  Is  proportional  to  the  signal  voltage  across  the  diode,  and  the  modulating  signal 
Is  applied  to  vary  the  bias. 

c.  Phase  Modulation 

When  the  Instantaneous  frequency  of  a  carrier  Is  varied  by  a  modu- 
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lating  signal,  the  result  is  frequency  modulation.  If  the  instantaneous  phase  of  a 
carrier  Is  varied  by  a  modulating  signal,  phase  modulation  is  obtained.  However, 
varying  a  carrier's  frequency  also  changes  the  Instantaneous  phase  relationship  of  the 
modulated  carrier  frequency  to  the  unmodulated  carrier,  and  varying  the  phase  of  a 
carrier  likewise  changes  the  carrier's  frequency.  Thus,  frequency  modulation  and  phase 
modulation  essentially  are  Identical. 

The  prime  distinction  between  frequency  and  phase  modulation  Is 
the  method  by  which  the  modulated  wave  Is  produced.  Frequency  modulation  takes 
place  at  the  source  of  the  carrier  signal;  I .e.,  the  operating  frequency  of  the  carrier 
oscillator  Is  varied  by  the  modulating  signal.  In  phase  modulation,  the  carrier  Is  modu¬ 
lated  In  a  combining  stage  (figure  111)  following  the  carrier  oscillator,  I.e.,  the 
carrier  Is  produced  at  a  constant  frequency  and,  after  amplification  and  possible  fre¬ 
quency  multiplication,  the  modulating  signal  Is  applied.  The  end  result  of  each  of 
these  methods  Is  basically  the  same,  and  a  phase-modulated  wave  can  be  received  with 
equal  facility  by  an  FM  receiver. 

The  combining  stage  Is  an  amplifier  whose  output  Is  controlled  by 
the  carrier  and  modulating  signals  both  of  which  are  applied  to  a  voltage-divider  net¬ 
work  at  the  amplifier  grid.  The  combined  biasing  causes  the  modulating  signal  to  vary 
the  phase  of  the  amplifier  output  (rather  than  Its  amplitude  which  Is  the  usual  biasing 
effect) . 


2.  Multichannel  Considerations 

Often  when  an  FM  system  Is  employed,  more  than  one  channel  of  data  Is 
being  transmitted,  and  these  channels  are  multiplexed  so  that  they  share  a  single  radio- 
frequency  carrier.  The  multiplexing  normally  Is  accomplished  by  having  each  signal 
from  each  channel  frequency  modulate  a  subcarrier  oscillator,  and  then  combining 
their  modulated  outputs  Into  a  composite  signal  which  Is  then  used  to  frequency  modu¬ 
late  the  carrier  oscillator  in  the  radio-frequency  section  of  the  transmitter.  This  type 
of  telemetry  system  Is  designated  as  FM/FM. 

Figure  112  shows  a  typlcul  modulation  system  for  five  channels  of  physi¬ 
ological  data.  The  techniques  of  subcarrier  modulation  are  the  same  as  those  described 
for  carrier  modulation,  except  that  subcarrier  oscillators  normally  operate  at  audio 
frequencies  rather  than  at  low  radio  frequencies. 

a.  Subcarrier  Oscillators 

Subcarrier  oscillators  are  of  two  typess  the  reactance-controlled 
oscillator,  which  Is  linked  directly  to  and  modulated  by  a  variable  reactance  trans¬ 
ducer;  and  the  voltage-controlled  oscillator,  which  Is  modulated  by  the  changing 
voltage  from  the  Input  amplifier.  There  are  many  possible  operating  frequencies  for 
these  oscillators,  but  because  of  widespread  FM/FM  telemetry  application,  18  basic 
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Figure  112,  Five-Channel  Telemetry  Employing  FM/FM 

frequencies  In  the  rang*  between  400  and  70,000  cpi  have  been  standardized  (ref.  54), 
Refer  to  table  X  for  a  listing  of  these  subcarrier  frequencies, 

(1)  Reactance-Controlled  Oscillators 

The  reactance-controlled  subcarrier  oscillator  operates  In  the 
same  manner  as  the  mechanical  modulator.  It  essentially  Is  an  oscillator  circuit  with 
the  transducer  as  one  of  Its  reactive  elements.  This  type  of  oscillator  must  be  cali¬ 
brated  with  each  transducer. 

(2)  Voltage-Controlled  Oscillators 

Most  voltage-controlled  oscillators  are  multivibrators  whose 
square-wave  output  frequency  Is  determined  by  the  level  of  the  Input  voltage.  A  stage 
of  Input  amplification  Is  normally  required  to  raise  the  Input  signal  to  a  level  suffi¬ 
cient  to  deviate  the  multivibrator,  and  a  low-pass  filter  Is  Included  at  the  output  to 
reduce  the  sideband  harmonics  to  prevent  crosstalk  with  ad|ac*nt  channels.  (Older 
vacuum-tube  voltage-controlled  oscillators  operatod  as  an  LC  oscillator  with  a  react¬ 
ance  modulator  In  parallel  providing  the  frequency  change  with  modulation.) 

b,  Mixing  Circuits 

The  modulated  outputs  of  the  subcarriers  In  a  multichannel  system  are 
combined  In  a  resistor  network  to  form  a  composite  signal  for  modulation  of  the  radio- 
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frequency  carrier  oscillator.  If  the  level  of  the  composite  signal  Is  Inadequate  to 
modulate  the  carrier  oscillator,  this  stage  also  Includes  a  mixer  amplifier. 

c.  Carrier  Modulation 

Following  subcarrier  modulation  and  mixing,  the  composite  signal 
then  frequency  modulates  the  radio-frequency  carrier  oscillator  by  one  of  the  tech¬ 
niques  described  previously.  It  also  Is  possible  to  take  the  FM  composite  signal  from 
the  mixing  circuit  and  use  it  to  amplltude-modulate  a  carrier,  or  to  apply  It  as  one 
input  In  pulse-type  carrier  modulation. 


TABLE  X.  FM/FM  SUBCARRIER  FREQUENCIES 


Channel 

Subcarrier 

Center 

Frequency 

(Cps) 

Deviation* 

Limits 

(Cpi) 

Useful 

Intelligence 

Frequency 

(Cps) 

1 

400 

370  -  430 

6 

2 

560 

518-602 

8 

3 

730 

675  -  785 

11 

4 

960 

888  -  1032 

14 

5 

1300 

1202  -  1398 

20 

6 

1700 

1572  -  1828 

25 

7 

2300 

2127  -  2473 

35 

8 

3000 

2775  -  3225 

45 

9 

3900 

3607  -4193 

59 

10 

5400 

4995  -  5805 

81 

11 

7350 

5799  -  7901 

110 

12 

10,500 

9712  -  11,288 

160 

13 

14,500 

13,412  -  15,588 

220 

14 

22,000 

20,350  -  23,650 

330 

15 

30,000 

27,750  -  32,250 

450 

16 

40,000 

37,000  -  43,000 

600 

17 

52,500 

48,560  -  56,440 

790 

18 

70,000 

64,750  -  75,250 

1050 

"Based  on  a  maximum  subcarrier  deviation  of  7.5  percent.  Channels  14  thru 
18  also  may  be  operated  with  15  percent  deviation,  provided  certain  adja¬ 
cent  channels  are  not  In  simultaneous  use. 
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3.  FM  Sideband  Structure 


Whereas  an  amplitude-modulated  wave  contains  one  upper  and  one  lower 
sideband  for  any  modulating  frequency,  a  frequency-modulated  wave  may  contain  many 
pairs  of  sideband  frequencies,  The  number  of  significant  sideband  frequencies  In  a 
frequency-modulated  signal  Is  determined  by  the  ratio  of  the  carrier  deviation  fre¬ 
quency  (the  number  of  cps  that  the  modulated  carrier  deviates  from  its  normal  unmodu¬ 
lated  frequency  as  the  result  of  a  modulating  signal  being  applied)  to  the  modulating 
frequency.  This  ratio  Is  referred  to  as  the  modulation  Index  and  maybe  expressed  as 
follows: 


M 


^d_ 

^m 


where  M  =  the  modulation  Index 

Fd  =  the  frequency  deviation  of  the  FM  carrier 
Fm  B  the  frequency  of  the  modulating  signal 

The  frequency  and  energy  distribution  for  various  values  of  modulation 
Index  are  shown  In  figure  113,  The  center  line  represents  the  carrier,  and  the  lines  on 
each  side  of  the  carrier  represent  sideband  frequencies.  The  lines  to  the  right  of  the 
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Figure  113.  Frequency  and  Energy  Distribution  for  Various  Values  of 
Modulation  Index  of  ar,  FM  Wave 
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carrier  represent  the  upper  sideband  frequencies,  while  those  to  the  left  of  center  rep¬ 
resent  the  lower  sideband  frequencies.  The  lengths  of  the  lines  represent  the  energy 
levels  of  the  various  components. 

No  additional  energy  is  supplied  to  an  FM  wave  during  modulation. 
Instead,  the  energy  Is  redistributed.  In  figure  1 13  it  is  evident  that  the  carrier  actually 
Is  reduced  when  the  modulation  index  exceeds  0.5.  For  values  of  M  s  2  and  M  *  5, 
some  of  the  sideband  frequencies  contain  more  energy  than  the  carrier.  When  exces¬ 
sively  large  modulating  signals  are  applied,  the  energy  level  of  the  carrier  approaches 
zero. 


For  any  given  modulating  frequency,  the  number  of  significant  sidebands, 
and  therefore  the  bandwidth  requirements  of  the  FM  signal,  depends  entirely  upon  the 
frequency  deviation  of  the  FM  carrier.  The  amount  of  carrier  frequency  deviation  Is 
determined  by  the  amplitude  of  the  modulating  signal;  therefore,  It  actually  Is  the 
amplitude  of  the  modulating  signal,  rather  than  Its  frequency,  that  determines  the  band¬ 
width  requirements  of  an  FM  wave.  The  modulating  frequency  determines  only  the 
rate  at  which  the  frequency  deviations  take  place.  (In  practice,  of  course,  with  multi¬ 
channel  telemetry  standardization,  tho  assigned  space  for  each  channel  In  the  IRIG 
band  Is  determined  by  the  modulating  frequency,  and  there  Is  a  direct  relationship  be¬ 
tween  frequency  and  bandwidth.) 

4,  Degree  of  Modulation 

In  an  amplitude-modulation  system,  100  percent  modulation  occurs  when 
the  amplitude  of  the  modulated  carrier  varies  between  zero  and  twice  Its  normal  un¬ 
modulated  amplitude.  When  this  occurs,  maximum  power  Is  being  added  to  the  side¬ 
bands  and  the  system  Is  operating  at  Its  maximum  efficiency.  However,  the  degree  of 
modulation  varies  with  the  amplitude  of  the  modulating  signal,  and,  consequently,  the 
system  cannot  be  operated  at  maximum  efficiency  continuously. 

Infrequency  modulation,  100  percent  modulation  has  a  different  mean¬ 
ing.  The  modulating  signal  varies  the  frequency  of  the  carrier  only;  therefore,  the 
amplitude  of  the  modulated  carrier  remains  constant,  and  the  oscillator  stage  operates 
at  maximum  efficiency  continuously.  A  modulation  of  100  percent  means  simply  that 
the  carrier  is  deviated  in  frequency  by  the  full  permissible  amount  In  any  given  system 
or  application. 

5.  Demodulation 

To  extract  intelligence  from  an  FM  wave,  the  frequency  variations  must 
be  converted  into  corresponding  amplitude  variations,  which  are  detected  in  a  manner 
similar  to  that  used  for  AM  detection.  A  simple  method  for  doing  this  (known  os  slope 
detection)  Is  to  detune  an  ordinary  filter  circuit  so  that  the  carrier  frequency  of  the 
FM  signal  Is  on  the  slope  of  the  resonance  curve  (point  B  In  figure  114),  The  amount 
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of  frequency  swing  about’  the  carrier  varies  with  the  amplitude  of  the  modulating  sig¬ 
nal  .  When  the  carrier  frequency  of  an  FM  signal  falls  on  a  sloping  side  of  the  response 
curve  of  a  filter,  the  frequency  variations  of  the  FM  signal  are  converted  into  equiva¬ 
lent  amplitude  variations  because  of  the  unequal  responses  above  and  below  the  carrier 
frequency  (points  A  and  C  in  figure  1 14).  Thus,  the  output  of  the  filter  Is  made  to  vary 
In  amplitude  (In  addition  to  its  continuously  changing  frequency)  at  the  Information 
rate,  and  the  resulting  signal  can  be  coupled  to  an  AM  detector  to  recover  the 
intelligence. 

Slope  detection  is  seldom  used  because  operation  on  one  side  of  the 
resonance  curve  severely  limits  the  deviation  possible  without  distortion.  A  more  com¬ 
mon  circuit  is  the  frequency  discriminator,  which  is  tuned  to  the  unmodulated  carrier 
frequency;  when  the  carrier  swings  (Is  modulated)  to  a  higher  frequency,  the  output 
amplitude  Increases  In  a  positive  direction,  and  when  the  carrier  swings  lower,  the 
output  amplitude  increases  in  a  negative  direction,  as  can  be  seen  on  the  curve  of 
figure  114(B). 

Figure  114(C)  shows  a  simplified  discriminator  circuit  for  this  function. 
FM  to  AM  conversion  is  accomplished  In  the  transformer  circuit  by  combining  the  nor¬ 
mal  secondary  voltages,  on  either  side  of  the  center-tap,  with  the  primary  voltage, 
applied  through  the  capacitor.  The  relative  phase  of  these  voltage  components  is  such 
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Figure  114.  FM  Demodulation,  Including  a  Simplified  Discriminator  Circuit 
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that  a  change  in  the  input  (carrier  frequency  shifts)  changes  the  voltages  applied  to 
the  diodes  in  the  secondary  circuit,  with  the  voltage  through  one  diode  increasing,  and 
the  voltage  through  the  other  diode  decreasing.  The  difference  between  these  two 
diode  voltages,  rectified,  Is  the  demodulated  output  of  the  discriminator • 

As  stated  previously,  one  of  the  basic  advantages  of  frequency  modulation 
lies  In  its  ability  to  minimize  static  and  noise.  This  advantage  Is  achieved  by  making 
the  FM  receiver  insensitive  to  variations  In  signal  amplitudes.  To  accomplish  this,  a 
limiter  stage  normally  is  used  prior  to  the  discriminator.  The  output  of  a  limiter  stage 
remains  relatively  constant  In  spite  of  varying  signal  amplitudes  being  applied  to  Its 
input. 


D.  Pulse  Systems 

The  various  methods  of  pulse  modulation  are  essentially  sampling,  multiplex¬ 
ing,  and  encoding  techniques.  The  pulse  circuits  produce  a  composite  signal  that  is 
used  to  modulate  a  subcarrier  or  carrier  for  r-f  transmission. 

To  transmit  analog  data  in  sampled,  pulse  format,  the  sampling  rate  must  be 
high  relative  to  the  rate  of  change  of  the  sampled  signal,  If  sufficient  information  is  to 
be  extracted  for  the  analog  signal  to  be  restored  at  the  receiving  end  of  the  link.  The 
minimum  sampling  rate  Is  between  two  and  three  samples  for  each  cycle  of  a  pure 
sinusoidal  signal;  fora  nonsinusoldal  waveform,  the  sampling  rate  is  about  two  and  a 
half  times  that  of  the  highest  frequency  component  In  the  waveform. 

In  a  multiplexed  system,  the  number  of  samples  per  second  that  can  be 
obtained  with  a  commutator  must  be  divided  among  the  channels  being  multiplexed, 
and  the  number  of  channels  that  can  be  multiplexed  depends  upon  the  frequency  con¬ 
tent  of  each  channel . 

1.  Pulse-Amplitude  Modulation  (PAM) 

Pulse  amplitude  modulation  requires  relatively  simple  equipment,  since  it 
requires  only  periodic  switching  to  convert  a  continuous  data  signal  into  a  series  of 
narrow  pulses  with  varying  amplitudes.  (See  figure  92.)  Data  are  seldom  trans*  Hted 
in  PAM  format  because  of  magnitude  domain  limitations.  But  PAM  Is  used  for  sub¬ 
commutation  In  FM/FM  telemetry,  and  It  also  can  be  used  for  the  Initial  sampling  of  a 
signal  prior  to  encoding  the  PPM,  PDM,  or  PCM  formats. 

A  common  method  for  sampling  continuous  data  for  PAM  transmission  is 
to  apply  the  input  signals  to  the  contacts  of  a  rotary  switch  called  a  commutator.  If 
the  moving  arm  of  the  switch  is  rotated  30  times  per  second,  It  samples  each  cycle  of  a 
10-cycle-per-second  signal  three  times.  If  the  inputs  are  applied  to  separate  contacts 
of  the  commutator,  they  are  sampled  in  sequence  as  the  arm  rotates,  and  multiplexing 
as  well  as  sampling  occurs  automatically.  The  Inputs  normally  are  applied  to  every 
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other  contact;  the  contacts  between  are  connected  together  and  a  reference  voltage 
applied  to  them  to  provide  a  base-line  reference  level  between  the  sampling  pulses. 
Figure  115  shows  a  typical  PAM  system  configuration. 


Figure  115.  Typical  Scheme  for  Commutated  PAM 

Sampling  and  multiplexing  by  this  technique  require  that  the  transmitter 
and  receiver  be  synchronized.  This  Is  done  by  including  a  sync  signal  at  the  beginning 
of  each  sequence  of  channel  sampling  (each  frame).  In  a  commutator,  three  adjacent 
contacts  are  tied  together  to  obtain  a  sync  pulse;  this  provides  a  pulse  that  Is  much 
wider  than  any  of  the  data  pulses.  The  sync  signal  normally  Is  set  at  the  level  of  maxi¬ 
mum  amplitude  desired, and  the  various  data  channels  than  are  adjusted' to  falj  between 
that  level  and  the  Interchannel  baseline  level, 

The  multiplexed  output  from  the  commutator  then  Is  applied  In  one  of 
several  ways  to  the  radio-frequency  carrier  In  the  transmitter.  It  may  be  used  to  fre¬ 
quency  modulate  the  carrier  oscillator  directly,  It  may  be  applied  to  a  subcarrier 
oscillator  and  mixed  with  other  channels  In  an  FM/FM  system,  or  It  may  be  further  en¬ 
coded  for  pulse -duration  modulation  or  pulse-code  modulation. 

Electromechanical  commutators  have  their  limitations:  among  them  are  a 
relatively  slow  sampling  speed  and  Irregularities  caused  by  switching  transients  In  the 
electromechanical  contacts.  Improved  performance  is  possible  with  commutators  using 
mercury  jet  switches.  Electronic  multiplexers  are  even  better,  though  they  Increase 
overall  circuit  complexity.  They  are  essentially  logic  circuits  which  sample  data 
channels  through  electronic  gates.  Each  channel  is  applied  to  a  separate  gating  cir¬ 
cuit,  and  the  gating  circuits  (analogous  to  the  commutator  contacts)  are  closed  momen¬ 
tarily,  tn  sequence,  by  gating  signals  from  a  binary  logic  circuit  driven  by  a  master 
clock  (oscillator).  Electronic  multiplexers  are  capable  of  extremely  high-speed  opera¬ 
tion,  so  that  more  channels  of  higher  frequency  data  can  be  multiplexed  than  are 
possible  with  an  electromechanical  commutator. 

The  signals  are  demodulated  at  the  receiving  end  of  a  PAM  data  trans¬ 
mission  system  first  by  decommutation  (or  electronic  demultiplexing),  which  separates 
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the  multiplexed  signals  into  individual  pulse  trains.  The  pulse  trains  then  are  processed 
through  filter  circuits,  cal  led  Interpolation  filters,  to  restore  the  continuous  Information 
waveform . 


2.  Pulse -Duration  Modulation  (PDM) 

Pulse-duration  modulation  was  developed  In  the  telemetry  Industry  Initi¬ 
ally  to  overcome  the  disadvantages  of  PAM  systems,  particularly  the  notse  transients 
produced  at  commutator  switch  contacts.  What  was  done,  essentially,  was  to  take  the 
PAM  commutator  output  and  apply  It  to  a  device  called  a  keyer,  which  converted  the 
pulses  of  equal  duration  and  varying  amplitude  Into  pulses  of  equal  amplitude  but 
varying  duration , 

Figure  116  shows  a  block  diagram  of  a  typical  PDM  system.  One  set  of 
contacts  on  a  commutator  samples  the  Input  data  as  In  PAM,  and  a  separate  set  of  con¬ 
tacts  provides  a  simultaneous  set  of  trigger  pulses.  The  trigger  pulses  activate  a  saw¬ 
tooth  generator,  and  the  sawtooth  output  and  the  PAM  signal  are  fed  to  a  keyer  circuit. 
There,  the  two  signals  are  compared  or  combined  to  control  a  pulse  generator,  such  as 
a  Schmitt  trigger,  so  that  the  pulses  It  generates  vary  In  duration  as  a  function  of  the 
amplitude  of  the  PAM  pulses. 

The  leading  edge  of  each  pulse  Is  spaced  equally, so  that  each  data  pulse 
is  allotted  the  same  amount  of  time  in  the  sampling  sequence.  Therefore,  the  signal 
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Figure  116.  PDM  System 
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levels  info  the  commutator  must  be  adjusted  so  that  maximum  amplitude  deviation  can 
be  encompassed  in  the  pulse  time  allotted,  without  overlapping  the  leading  edge  of  the 
succeeding  pulse  and  creating  crosstalk  between  the  channels. 

As  in  PAM,  sync  is  obtained  by  allotting  two  channels  in  each  frame; 
however,  instead  of  indicating  sync  with  a  long  pulse,  it  is  usually  Indicated  by  the 
absence  of  two  consecutive  pulses.  One  channel  may  also  be  allotted  for  zero  refer¬ 
ence,  which  is  indicated  by  a  narrow  pulse  of  a  predetermined  width,  which  Is  shorter 
than  the  width  of  the  narrowest  (zero  signal)  data  pulse. 

3.  Pulse-Position  Modulation  (PPM) 

Pulse -posit!  on  modulation  is  similar  to  PDM  In  that  Intelligence  ts  en¬ 
coded  so  that  It  may  be  extracted  as  a  function  of  time  or  duration  in  a  pulse  train.  In 
PDM,  the  duration  of  the  pulse  ts  the  significant  time  Interval;  In  PPM,  the  data  pulses 
are  reduced  to  a  minimum,  uniform  width,  and  Intelligence  Is  contained  in  the  time 
interval  between  the  pulses  and  some  time  reference  point  In  the  sampling  sequence. 

In  one  type  of  PPM,  the  encoding  process  Is  essentially  the  some  as  PDM, 
except  that  after  encoding,  the  pulse  train  ts  differentiated;  the  duration  period  of  the 
pulse  is  eliminated  and  the  leading  and  trailing  (variable)  edges  are  replaced  by  short 
pulses.  In  other  words,  a  short  pulse  Is  produced  at  fixed  Intervals  (this  pulse  repre¬ 
sents  the  leading  edge  of  the  pulse  In  PDM),  and  a  second  short  pulse  (trailing  pulse) 
follows  at  an  interval  determined  by  the  instantaneous  value  of  the  sampled  Information 
signal.  Thus,  the  relative  position  of  the  trailing  pulses,  In  respect  to  the  position  of 
the  fixed  interval  pulses,  represents  the  instantaneous  values  of  the  Information  signal . 

4.  Pulse-Code  Modulation  (PCM) 

In  pulse-code  modulation,  the  Information  Is  transmitted  by  means  of  a 
code  of  a  finite  numbar  of  symbols  representing  a  finite  number  of  possible  values  of 
the  information  at  the  time  of  sampling.  A  binary  digital  code  normally  Is  used;  binary 
digits  are  represented  in  the  code  by  the  presence  or  absence  of  pulses  In  the  assigned 
positions  in  a  sequence  of  pulses.  Figure  95  illustrates  the  relationship  of  a  binary 
digital  code  to  the  decimal  digital  system.  The  presence  of  a  pulse  is  indicated  by  the 
symbol  1  In  the  binary  code,  and  the  absence  of  a  pulse  is  indicated  by  the  symbol  0. 

If  each  digit  In  the  code  has  two  possible  values  (0  and  I  as  illustrated 
in  figure  95),  the  number  of  different  coded  combinations  or  values  Is  2^  where  M  Is 
the  number  of  digits  (pulses)  In  the  code  group.  If  a  code  is  used  in  which  each  digit 
has  three  possible  values,  the  number  of  different  combinations  or  values  is  3^.  In 
general.  If  there  are  x  possible  (and  distinguishable)  values  of  each  pulse,  the  total 
number  of  values  is  xM.  The  xM  points  need  not  be  spaced  equally  over  the  entire 
range  of  the  information.  It  may  be  desirable,  for  example,  to  reduce  the  spacing  In 
the  neighborhood  of  zero  in  order  to  Increase  the  accuracy  of  small  signals. 
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A  basic  PCM  decoder  consists  of  a  storage  capacitor  that  Is  charged  to  a 
standard  reference  voltage  at  the  Instant  preceding  the  reception  of  each  code  charac¬ 
ter.  As  the  successive  binary  code  elements  that  comprise  a  code  character  arrive,  a 
subtraction  circuit  removes  the  capacitor's  charge  In  proportion  to  the  encoded  value 
of  the  pulsed  character.  The  total  charge  removed  Is  delivered  to  the  Input  of  a  low- 
pass  filter.  The  result  of  a  sequence  of  such  operations  Is  a  reproduction  of  the  original 
Information  signal . 

5.  Comparison  of  Pulse  Techniques 

Pulse-code  modulation  offers  the  best  signal -to-notse  ratio.  As  long  as 
the  pulses  are  above  the  threshold  of  noise  level,  fluctuation  noise  In  a  communication 
channel  does  not  Interfere  with  the  recognition  of  the  code  groups.  However,  errors 
are  introduced  because  only  certain  discrete  values  of  the  Information  can  be  transmit¬ 
ted  by  the  code;  l.e.,  In  the  process  of  coding,  the  signal  must  be  quantized  or  digi¬ 
talized  to  the  nearest  discrete  value  which  can  be  transmitted  by  code.  These  errors 
are  called  quantization  errors. 

PCM  methods  are  Ideal  for  relaying  purposes.  As  long  as  the  carrier 
signals  are  above  the  noise  threshold,  neither  noise  nor  errors  are  added  by  the  Indi¬ 
vidual  links  tn  tho  relay  chain;  errors  are  Introduced  only  by  the  quantization  before 
the  Initial  transmission.  For  the  same  reason,  PCM  is  Ideal  If  the  code  groups  are  stored 
as  such  or  fed  Into  digital  computing  equipment.  In  this  type  of  application,  no  addi¬ 
tional  quantization  error  is  Introduced  at  the  receiving  end  of  the  system.  PCM  equip¬ 
ment,  however,  Is  larger  and  more  complicated  than  the  equipment  for  other  forms  of 
pulse  modulation . 

The  limitations  of  PAM,  a  magnitude-domain  technique,  have  been 
described  previously;  Its  principal  use  Is  as  an  adjunct  to  an  FM  system  using  other 
pulse-coding  techniques. 

PPM  usually  Is  preferred  over  PDM,  especially  when  the  time-multiplexed 
signal  is  used  to  amplitude  modulate  a  transmitter  carrier.  Since  only  the  variable 
edge  of  a  PDM  signal  contains  Intelligence,  transmitting  the  entire  pulse  results  In 
power  inefficiency.  PPM  Improves  this  situation  by  eliminating  the  long  duration 
period  of  the  pulse  and  substituting  a  second  short  pulse  In  place  of  the  trailing  edge 
of  the  long  pulse  used  In  PDM. 

E.  Personal  Telemetry  Systems 

The  following  paragraphs  describe  how  the  previously  described  fundamentals 
and  techniques  have  been  applied  to  the  solution  of  a  unique  data  transmission  problem 
--  personal  telemetry. 

Personal  telemetry  Is  the  monitoring  of  physiological  or  other  data  from  a 
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freely  moving,  unencumbered  human  subject.  It  ha»  many  application*,  including: 

Basic  rasaarch  In  phyiiology  and  piychophytlology,  such  as  study  of  tha 
roactions  of  athlatas . 

Mad i cal  tachnology,  including  diagnostic  maasuramant  and  hospital 
pattant  monitoring. 

Industrial  safaty,  monitoring  workars  In  dangarous  or  strassful  envlron- 
mants. 

Aarospaea  applications,  such  at  tha  monitoring  of  an  astronaut  who  must 
move  and  function  in  and  around  largar  ipaea  vehicles  of  tha  futura. 

Personal  telemetry  It  unique  from  other  maasuramant  situations  In  the  strict 
requirement  of  sub  [act  freedom.  All  sensing,  modifying,  and  transmitting  devices  must 
necessarily  be  attached  to  the  subject.  This  placet  great  restrictions  on  the  size  and 
weight  of  these  devices,  at  well  at  on  the  power  which  they  can  consume  (since  the 
power  supply  too  most  be  attached  to  the  subject) .  With  present  techniques,  this  also 
compromises  the  Information  capacity,  transmission  range,  and  accuracy  of  the  data 
transmission  system. 

1 ,  Present  Techniques  Available 

Data  transmission  necessarily  must  be  accomplished  with  a  wireless  radio 
link.*  Most  commercially  available  systems  employ  miniaturized  FM/FM  components, 
The  chief  limitation  of  this  approach  has  been  accuracy  and  stability.  The  develop¬ 
ment  of  new  components  may  result  In  much  greater  reliability. 

Time  division  multiplexing  methods,  using  pulse  modulation,  promise  cer¬ 
tain  advantages  for  personal  telemetry  system*.  One  of  the  inherent  advantages  it  that 
pulse  circuitry  can  be  designed  around  transistors  operating  nonllnearly,  i.e.,  as  two- 
state  switching  devices.  In  general,  switching  circuits  permit  less  critical  circuit 
tolerances,  and  more  success  hat  been  achieved  In  developing  microminiature  Inte¬ 
grated  circuits  with  nonlinear  operation,  rather  than  linear. 

Of  the  various  pulse  techniques,  PPM  and  PDM  are  perhaps  the  most 
reliable  for  personal  telemetry  with  the  present  state  of  the  art  of  component  design, 
PAM  has  certain  advantages  in  simplicity,  but  with  inherent  magnitude  domain  limita¬ 
tions.  PCM  it  probably  the  single  most  reliable  coding  technique,  but  It  it  presently 


*Certaln  applications  may  warrant  investigation  of  other  baste  transmission  media,  In¬ 
cluding  other  electromagnetic  radiation  such  as  light  and  infrared  or  sound  (and  ultra¬ 
sound)  waves. 
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impractical  in  this  application  because  of  component  complexity .  The  following  para¬ 
graphs  describe  a  RDM  system  that  was  developed  by  the  Aerospace  Medical  Division* 
to  Investigate  the  capability  of  a  personal  telemetry  system  built  around  relatively 
simple,  reliable  pulse  circuits. 

2.  A  Seven -Channel  RDM  System 

Figure  117(A)  shows  a  block  diagram  of  a  seven-channel  RDM  transmitter. 
Basically,  It  comprises  seven  signal  modifying  amplifiers,  the  r-f  transmitter,  and  a 
pulse  duration  modulator,  which  Includes  the  1600-cps  clock  oscillator,  a  flip-flop 
binary  counter,  eight  gating  switches,  and  the  Schmitt  trigger,  which  produces  the  pulse 
signal  shown  In  figure  117(B)  to  modulate  the  transmitter. 

The  1600-cps  output  of  the  clock  oscillator  triggers  the  counting  circuit, 
which  consists  of  three  flip-flop  stages  and  a  sawtooth  generator.  The  flip-flop  outputs 
are  combined  In  a  resistance  matrix  to  produce  sequential  switching  pulses  for  gating 
switches  SI  through  S8.  Switches  SI  through  S7  gate  the  analog  data  signals  with  the 
sawtooth  voltage.  Switch  S8  gates  the  sawtooth  voltage  plus  a  positive  bias  voltage  to 
produce  the  synchronization  gap  between  frames.  The  multiplexed  outputs  of  the  eight 
switches  are  delivered  In  sequence  to  the  Input  of  the  Schmitt  trigger.  Since  the 
Schmitt  trigger  turns  "on"  at  a  certain  voltage  level,  the  turn-on  time  will  be  a  func¬ 
tion  of  the  channel  Information.  The  reset  of  the  Schmitt  trigger  ts  derived  from  the 
return  voitage  of  the  sawtooth  generator,  and  occurs  therefore  at  constant  time  Inter¬ 
vals.  The  leading  edges  of  the  pulses  are  produced  from  the  reset  of  the  Schmitt  trig¬ 
ger,  and  the  (modulated)  trailing  edges  produced  by  the  turn-on  of  the  Schmitt  trigger. 
The  output  of  the  Schmitt  trigger  (figure  117(B))  is  used  to  frequency  modulate  the  RF 
transmitter  using  a  deviation  of  approximately  100  kc. 

in  the  receiving  unit,  the  signal  from  an  FM  receiver  Is  fed  to  a  PDM 
decoder.  If  only  oscilloscope  display  of  the  analog  Information  Is  required,  the  decod¬ 
ing  circuitry  Is  very  simple  and  Inexpensive.  For  recording  on  multi-stylus  recorders, 
the  decoder  circuitry  requires  about  the  same  amount  of  components  (and  expense)  as 
standard  FM  discriminators. 

In  the  system  Illustrated,  the  1600-cps  clock  rate  permits  sampling  each 
of  seven  channels  200  times  per  second.  This  limits  the  frequency  response  In  each 
channel  to  100  cycles  per  second,  or  an  overall  bandwidth  of  0  to  700  cycles  per 
second.  The  system  permits  paralleling  of  channels  If  higher  frequency  response  Is 
required,  of  course  with  a  sacrifice  In  the  number  of  Individual  channels.  Several  dif¬ 
ferent  combinations  are  possible  In  trading  frequency  response  with  number  of  Informa¬ 
tion  channels.  Three  examples  other  than  the  one  described  are: 


*6570th  Aerospace  Medical  Research  Laboratories,  Wrlght-Patterson  AFB,  Ohio. 
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Five  channels  with  100-cps  response,  and  one  channel  with  200. 

Two  channels  with  100-cps  response,  one  with  200,  and  one  with  300. 
One  channel  with  100-cps  response,  and  three  with  200. 

Since  the  frame  repetition  rate  could  bo  changed  also,  for  different  applications,  the 
system  Is  quite  versatile. 

Variation  of  the  baseline  in  this  system  Is  less  than  6  percent  from  full 
channel  amplitude,  over  a  temperature  range  of  32  to  82°F,  with  battery  voltage 
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Figure  117.  RDM  Transmitter  for  Personal  Telemetry 
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between  7.0  and  8.4  volts.  Total  power  consumption  is  68  milliwatts,  including  the 
seven  signal  conditioners.  The  power  consumption  of  the  multiplexing  and  transmitting 
unit  alone  is  35  milliwatts.  With  the  use  of  a  cross  dipole  receiving  antenna  and  a 
receiver  wllh  2  microvolt  sensitivity,  a  useful  transmitting  range  of  200  to  300  feet  has 
been  established, 

F.  Frequency  Allocations 

Communication  links  presently  use  frequencies  ranging  from  10  kc  to  40,000 
me.  By  International  agreement,  the  range  has  been  subdivided  Into  numerous  bands, 
each  Identified  with  a  particular  service  or  group  of  services  sueh  as  fixed,  mobile, 
amateur,  commercial  broadcasting,  etc.  Each  service  has  been  assigned  a  plurality  of 
nonad|acent  bands  throughout  the  frequency  spectrum.  Thus,  the  frequencies  that 
can  be  used  for  physiological  telemetering  purposes  are  controlled  by  International 
regulations. 

Frequency  assignments  In  the  radio  spectrum  are  governed  by  factors  such  as 
the  propagation  characteristics  at  different  parts  of  the  frequency  spectrum,  transmitter 
power  associated  with  a  certain  use  (mobile  stations  almost  always  have  lower  power 
available  than  fixed  stations),  the  limiting  size  of  an  antenna  array  (only  small  antennas 
are  compatible  with  aircraft  and  space  vehicles),  the  range  desired,  an  estimate  of 
interference  to  be  encountered  (both  man-made  and  natural),  the  erratic  qualities  of 
the  upper  atmosphere  as  a  factor  In  propagation, and  the  feasibility  of  channel  sharing. 
The  ultimate  goal  In  a  frequency  assignment  Is  a  maximum  ratio  of  signal  strength  to 
background  noise,  which  Is  the  best  guarantee  of  successful  operation. 

Several  factors  affect  frequency  assignments  for  telemetering  physiological 
data.  The  transmission  of  data  from  airborne,  or  even  spaceborne,  transmitters  to  ft  mote 
receivers  on  Earth  makes  it  necessary  to  consider  the  propagation  characteristics 
between  space  and  Earth.  Only  certain  portions  of  the  radio  spectrum  can  even  be 
considered  for  space-to-Earth  radio  links,  because  the  lower  layers  of  troposphere  and 
upper  layers  of  Ionosphere  are  frequency  selective,  allowing  some  signals  to  pass 
through  a  "spectrum  window"  and  reflecting,  refracting,  or  absorbing  other  signals. 
Since  this  "spectrum  window"  covers  the  frequency  range  of  approximately  10  me  to 
10,000  me,  telemetering  assignments  are  limited  primarily  to  frequencies  within  this 
range . 


The  three  frequency  bands  allocated  primarily  for  telemetering  purposes  are 
216  to  260  me,  1435  to  1535  me,  and  2200  to  2300  me.  Special  telemetering  frequency 
assignments  also  are  made  by  the  Federal  Communications  Commission,  An  example  Is 
the  satellite  telemetering  transmitters  operating  in  a  narrow  band  between  108  and 
109  me. 
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1 .  216-  to  260-Mc  Band 

Charm* I  spacing  In  th*  216-  to  22S-mc  portion  of  this  band  Is  based  on 
0.5-mc  separation  on  the  integral  and  one-half  megacycle  channels  (216.0  me,  216.5 
me,  217  me,  etc).  Assignments  are  made  so  that  other  established  services  are  not 
Interfered  with.  In  th*  225-  to  260-mc  portion  of  th*  band, a  total  of  forty-four  500-kc 
channels  are  allocated  on  a  protected  basis  until  1  January  1970.  The  maximum  per¬ 
missible  r-f  deviation  of  the  FM  transmitters  is  plus  or  minus  125  kc,and  the  transmitted 
r-f  carrier  must  at  all  times  be  within  0,01  percent  of  th*  assigned  carrier  frequency. 
Although  a  maximum  of  100  watts  is  allowed,  the  transmitted  power  should  be  held  to  a 
minimum  consistent  with  satisfactory  service,  All  harmonics  and  other  radiated  spurious 
signals  must  be  at  a  level  at  least  60  db  below  th*  fundamental  radiated  power  level. 

2.  1435- to  1535 -Me  Band 

The  1435-  to  1485-mc  band  Is  reserved  primarily  for  lelemetertng  appli¬ 
cations  In  connection  with  aeronautical  flight  testing  of  manned  aircraft.  Th*  rang* 
from  1486  to  1535  me  Is  reserved  primarily  for  aeronautical  flight  testing  of  missiles 
and  space  vehicles. 

Channels  are  spaced  in  Increments  of  1  me,  and  th*  transmitter  r-f  car¬ 
rier,  Including  drift  and  all  other  variables,  must  be  within  0.005  percent  of  the 
assigned  carrier  frequency.  The  transmitter  output  power  Is  dictated  by  each  particular 
application;  however,  it  should  never  be  more  than  Is  absolutely  necessary. 

3 .  2200-  to  2300-Mc  Band 

Channels  In  th*  2200-  to  2300-mc  band  are  spaced  In  Increments  of 
1  me.  The  maximum  allowable  transmitter  frequency  tolerance  Is  0.005  percent  of  th* 
assigned  carrier  frequency,  and  the  amount  of  transmitted  power  Is  determined  by  each 
Individual  application. 
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INTRODUCTION 

I .  Classification  of  Data  Processing 

The  last  steps  In  the  chain  of  physiological  monitoring  are  the  analysis  of  the  data 
and  the  drawing  of  conclusions.  In  many  Instances,  direct  Inspection  of  the  signal  Is 
all  that  Is  necessary  to  accomplish  these  last  steps.  In  other  cases,  simple  manual  op¬ 
erations  such  as  the  plotting  of  body  temperature  over  a  long  time  span,  are  needed  to 
reveal  significant  relationships  more  clearly.  But  as  the  data  become  more  complex, 
automatic  data  processing  may  be  the  only  practicable  method. 

Data  processing  Involves  some  change  In  the  form  of  Input  data  to  extract  more 
meaning.  The  change  may  Involve  the  simple  regrouping  or  rearrangement  of  the  data, 
or  the  employment  of  sophisticated  mathematical  techniques.  The  meaning  may  be 
hidden  In  some  form  not  readily  Interpreted,  or  It  may  have  meaning  only  when  It  Is 
related  to  other  Information  Inputs.  Data  processing  Includes  such  processes  as  quan¬ 
tification,  codification,  transformation,  and  comparison.  Each  of  these  processes  may 
be  performed  manually,  such  as  using  a  slide  rule,  hand  collating  and  graph  plotting, 
or  may  be  performed  automatically,  using  card  sorters,  analog  computers,  or  digital 
computers.  If  automatic  techniques  are  used,  care  must  be  taken  that  the  experi¬ 
menter  understands  both  the  capabilities  and  the  limitations  of  the  equipment  used. 

Data  processing  Is  a  general  term  applied  to  special  operations  performed  on  cer¬ 
tain  signals.  It  Is  difficult  to  draw  a  definite  line  between  operations  classed  as  signal 
modification  and  those  classed  as  data  processing,  especially  where  the  processor  Is  an 
analog  computer.  In  many  cases  the  decision  Is  arbitrary.  However,  the  term  data 
processing  generally  applies  to  the  more  complex  operations,  particularly  those  In¬ 
volving  the  accurate  and  rapid  Interpretation  of  several  channels  of  data.  Automatic 
data  processing  equipment,  of  which  a  computer  Is  the  central  unit,  not  only  records 
arid  stores  data,  but  performs  arithmetic  operations  as  well  as  "logic"  and  "decision" 
functions. 

Undoubtedly,  computer  techniques  are  not  being  exploited  fully  at  present  be¬ 
cause  of  lack  of  training  on  the  part  of  users,  a  condition  that  can  be  corrected  with 
education.  A  more  serious  problem  Is  the  tendency  to  overestimate  the  capabilities  of 
computers,  fostered  by  the  popular  press  and  publicity  releases.  There  Is  more  to  the 
problem  of  analyzing  large  quantities  of  experimental  data  than  |ust  feeding  the  data 
to  a  computer  and  expecting  the  computer  to  provide  all  mental  processes  and  supply 


DATA  PROCESSING  EQUIPMENT 


s‘ 

s' 


all  answers.  This  misleading  idea  has  In  the  past  often  resulted  In  the  accumulation  of 
boxcars  foil  of  machine  produced  computations  with  no  real  answers  to  problems.  It  is 
most  Important  to  realise  that  the  computer  used  for  data  processing  can  do  nothing 
that  It  has  not  explicitly  and  In  detail  been  told  to  do.  It  cannot  perform  thinking 
processes  beyond  the  conceptual  and  programming  ability  of  some  human.  Certainly, 
after  once  being  instructed  or  programmed,  the  machine  can  perform  a  gamut  of  oper¬ 
ations  In  an  Incredibly  short  time. 

Large  computers  possess  certain  capabilities  far  beyond  those  of  the  human  Indi¬ 
viduals.  The  following  characteristics  illustrate  some  computer  advantagesi 

1.  Infallible  memory.  The  computer  possesses  the  ability,  when  properly 
Instructed,  to  retain  and  relate  data  for  Indefinite  periods.  It  does  not  forget  or 
overlook. 

2.  High  computational  speed.  The  computer  can  perform  complex  mathe¬ 
matical  and  logical  operations  at  rates  far  faster  than  the  human. 

3.  Indefinite  operating  capability.  The  computer  does  not  get  fatigued  and 
can  operate  Indefinitely  without  rest  or  error. 

4.  Not  single  minded.  Parallel  operations  can  be  performed  simultaneously, 
unlike  the  human  mind  that  cannot  place  attention  upon  more  than  one  factor  at  a 
time. 

II.  Classes  of  Data  Processing  Functions 
A.  Manually  Operated  Devices 

Manually  operated  devices  rely  on  both  the  skill  and  accuracy  of  the  human 
operator  to  transcribe  experimental  data  Into  a  form  that  has  some  significance  when 
Interpreted  In  the  framework  of  the  experiment  from  which  It  derived,  The  data  may 
be  presented  to  the  operator  In  many  wayss  visual  displays  by  means  of  meters,  re¬ 
corders,  oscilloscopes,  or  photographs;  visual  printout  displays  Including  typewritten, 
handwritten,  or  teletyped  data;  or  aural  Indications  such  as  warning  tones.  In  each 
case  It  Is  the  responsibility  of  the  operator  to  Interpret  the  Indication  correctly,  quan¬ 
tify  it  by  some  comparative  technique,  either  formal  or  Informal,  and  transcribe  the 
data.  The  operator  may  then  perform  various  mathematical  operations  on  the  data  to 
derive  meaning  from  the  raw  data. 

The  simplest  mathematical  operations  Involve  basic  arithmetical  functions, 
such  as  addition,  subtraction,  multiplication,  division,  squaring,  and  square  root 
extraction.  These  processes  may  be  performed  with  the  aid  of  slide  rules,  desk  top 
calculators,  or  tabulated  tables  of  functions  of  the  data  (such  as  square  root  values) 
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available  from  published  lourcai.  If  trends  in  the  monitored  data  are  of  interest/  then 
graphing  techniques  may  supply  the  desired  form  of  display. 

1.  The  Slide  Rule 

The  slide  rule  may  bo  considered  at  an  analog  device;  the  positions  of 
numbers  on  scales  represent  the  logarithm  of  the  number,  so  that  multiplication  It 
performed  by  the  addition  of  scale  distances,  which  In  turn  might  represent  the  values 
of  a  parameter.  Its  computational  speed  It  determined  both  by  how  conveniently  the 
scales  are  arranged  on  the  tilde  rule  and  by  the  mental  and  manual  dexterity  of  the 
operator.  The  accuracy  of  the  slide  rule  It  limited  by  the  resolution  provided  between 
adjacent  markings  on  the  scales  and  by  the  operator1 1  |udgment  In  Interpolating  values 
occurring  between  marked  numbers.  Extra  long  tilde  rules  and  circular  slide  rules,  two 
variations  of  the  standard  10-lneh  rule,  are  used  to  Increase  the  length  of  the  scales 
and  thus  Increase  the  resolution  and  accuracy  of  the  device. 

The  most  common  computations  made  on  the  tilde  rule  are  multiplication 
and  division.  In  addition,  other  scales  arranged  In  various  manners  allow  the  following 
functions  of  a  number  to  be  determined!  the  Inverse,  tine,  tangent,  logarithm,  square, 
cube,  square  root,  cube  root,  hyperbolle  tine,  hyperbolic  tangent,  and  exponential. 

2.  The  Desk  Calculator 

The  desk  calculator  performs  addition  and  subtraction  by  counting  me¬ 
chanically.  The  counters  are  cogs  on  gears  whloh  are  arranged  to  that  deolmal  arith¬ 
metic  It  performed.  The  numbers  to  be  added  or  subtracted  are  entered  Into  the 
machine  by  a  keyboard,  a  motor  drives  the  gearing,  and  the  arithmetic  answer  It 
either  displayed  on  a  set  of  digits  Inscribed  on  one  of  the  gear  sets  or  It  printed  out  on 
a  paper  tape.  By  extra  electromechanical  features  Included  In  the  desk  calculator, 
multiplication  and  division  are  also  performed,  which  are  accomplished  by  successive 
additions  and  subtractions.  Other  functions  Including  square  root  derivation  may  also 
be  used  In  data  analysis  If  special  tables  are  available. 

The  desk  calculator  can  be  accurate  to  as  many  decimal  places  at  de¬ 
sired,  If  size  It  no  factor.  Slnco  the  device  Is  digital  In  nature,  and  hat  only  discrete 
values  with  no  Interpolate  operation  necessary,  Its  correct  operation  Is  Insured,  If 
the  correct  Information  Is  entered  by  the  human  operator.  The  speed  of  the  machine 
allows  addition  In  less  than  a  second  and  multiplication  and  division  in  several  seconds. 

3.  Manual  Graphing  Techniques 

By  entering  calculated  or  observed  data  on  a  graph  paper  ruled  In  some 
convenient  pattern,  trends  In  data  may  be  observed  and  algebraic  and  transcendental 
functions  of  the  data  may  be  computed.  There  are  many  varieties  of  graph  paper,  the 
most  common  being  the  linear-rectilinear  pattern.  On  this  type  of  paper  the  plotting 
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of  data  versus  another  parameter  (often  time)  shows  the  deviation  from  linearity  quite 
readily.  Another  ruled  pattern,  the  polar  coordinate  paper,  it  better  suited  for  the 
graphing  of  data  like  eleetrleal  potential  distributions  whose  relationships  are  more 
easily  interpreted  In  this  display,  Semllog  and  logarithmic-logarithmic  (log-log)  paper 
contain  scales  where  one  or  both  dimensions  are  ruled  In  terms  of  the  logarithm  of  the 
data  being  charted.  One-coordinate  log  paper  (semllog)  permits  the  compression  of 
one  parameter,  such  as  time  or  frequency,  while  still  allowing  a  full  expansion  of  a 
dependent  variable,  suoh  as  amplitude,  Log-log  paper  is  extremely  useful  for  deter¬ 
mining  whether  the  funotlon  being  analyzed  follows  an  exponential  dependence;  If  It 
does,  a  straight  line  Is  obtained  for  the  data  plotted.  Other  special  graph  patterns 
available  are  probabllltyfunctlon-vs-llnear  scales,  probability  functlon-vs-logarithmic 
scales,  reciprocal  absolute  temperature-vs-llnear  scales,  hyperbolic  scales,  and  trig¬ 
onometric  scales.*1 

The  accuracy  of  graphing  techniques  depends  on  the  choice  of  paper  and 
the  care  taken  In  plotting  the  values.  In  general,  graph  plotting  Is  a  time-consuming, 
tedious  process.  However,  the  plotted  experimental  data  indicate  the  variation  of  a 
physiological  function  better  than  any  tabular  or  numerical  representation. 

B.  Automatic  Devices 

Automatic  tools  of  data  analysis  Include  computers,  both  digital  and  analog, 
and  card  sorters.  The  digital  computer  Is  a  relatively  complex,  expensive,  but  ex¬ 
tremely  fast  device  that  operates  with  quantities  that  are  digitized  (not  of  a  continuous 
nature  but  composed  of  discrete  values).  All  operations,  even  the  most  complex,  are 
based  on  simple  arithmetic  processes  -  addition  and  subtraction.  The  precision  of  dig¬ 
ital  computers  Is  limited  only  by  the  number  of  digital  places  available.  They  must 
have  number  storage  (memory)  capability  for  all  but  the  simplest  operations. 

Analog  computers  may  be  very  simple  devices,  consisting  of  a  few  electronic 
amplifiers  and  associated  components,  or  they  may  be  rather  complex,  Involving  an 
entire  roomful  of  equipment.  This  type  of  computer  generally  needs  nodlscrete  memory 
capability;  various  complex  operations  are  possible,  Including  adding,  subtracting, 
multiplying,  squaring,  Integrating,  and  differentiating.  Tho  accuracy  and  precision  of 
the  analog  computer  aro  limited  by  the  components  available  In  its  construction  and 
the  noise  factors  associated  with  electronic  equipment.  A  fixed  percent  of  accuracy 
describes  the  typical  device.  The  analog  computer  Is  limited  In  its  operational  speed 
and,  therefore,  the  frequency  range  of  data  Input  It  can  handle.  Ten  cycles  per 
second  is  representative  of  analog  computers  using  electromechanical  devices  In  Its 
operations,  and  200  cycles  per  second  Is  typical  of  all -electronic  types. 


*Keuffel  &  Esser  Co.,  New  York, 
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Card  sorting  equipment  also  manipulates  information  reduced  to  a  digital 
form.  While  no  computational  processes  are  associated  with  this  type  of  automatic 
equipment,  the  fast  speed  and  ease  in  the  handling  of  data  reduced  to  card  form  make 
this  form  of  data  processing  very  useful . 

1.  Dlgttal  Computers 

Digital  computers,  used  increasingly  In  the  medical  sciences,  are  ex¬ 
tremely  important  to  physiological  monitoring.  Combined  with  appropriate  peripheral 
equipment,  the  digital  computer  system  enables  the  experimenter  to  collect,  sort, 
correlate,  compare,  and  analyse  volumes  of  data  available  from  the  monitoring  chain 
and  to  draw  conclusions  from  the  processed  data,  all  done  in  minutes  which  otherwise 
would  have  taken  weeks  or  years  without  automatic  equipment. 

The  extreme  speed  of  the  digital  computer  results  from  Its  use  of  elec¬ 
tronic  circuits  whose  operations  are  capable  of  being  performed  millions  of  times  a 
second.  The  flexibility  of  the  computer  and  its  power  to  make  simple,  logical  deci¬ 
sions  stem  from  its  ability  to  compare  data  and  follow  a  course  of  action  dependent  on 
the  results  of  the  comparison. 

The  digital  computer  may  be  operated  either  on  line  or  off  line;  t.e., 
the  computer  may  be  connected  so  that  the  Input  devtees  are  reoeivtng  data  as  the 
experiment  occurs  and  the  computer  computes  in  real  time  (during  the  experiment),  or 
the  Input  to  the  computer  is  data  transcribed  from  a  storage  medium,  such  as  magnetic 
tape  or  punched  cards,  and  the  computation  is  carried  out  at  some  convenient  time 
after  the  experimental  data  are  gathered.  In  either  cate,  the  data  presented  to  the 
computer  mutt  be  In  a  digital  form  requiring  an  analog-to-dtglfal  conversion  proeost 
prior  to  the  input  to  the  computer.  The  output  of  the  computer  also  may  be  stored  for 
future  use  or  analysis,  or  it  may  be  connected  on  line  to  control  the  progress  of  the 
experiment. 

The  digital  computer  can  provide  as  much  accuracy  as  the  user  or  de¬ 
signer  desires.  Since  it  is  a  digital  configuration,  the  more  places  (powers  of  two) 
available,  the  more  accurate  Is  the  represented  number.  (See  page  204  for  a  dis¬ 
cussion  on  digital  notation.)  To  maintain  computer  accuracy  and  to  detect  any  errors 
arising  because  of  equipment  malfunction,  error-detection  circuitry  is  incorporated 
within  the  logical  design  of  the  digital  computer. 

The  speed  at  which  computations  are  performed  In  a  large  scale  digital 
computer  depends  on  the  design  of  the  computer  and  the  type  of  operation  performed. 
Since  most  computer  operations  are  performed  by  successive  additions  and  subtractions, 
the  time  necessary  for  one  addition  becomes  the  basic  timing  element  In  the  computer. 
In  some  high  speed  computers,  nearly  one  million  additions  may  be  performed  pen 
second . 
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2.  Analog  Computers 

An  analog  computer  Is  a  configuration  of  components  used  to  manipulate 
Input  data  so  that  a  desired  mathematical  function  of  the  Input  Is  obtalnedat  the  output 
of  the  computer.  Usually,  the  analog  computer  deals  with  electrical  Inputs  and  outputs/ 
but  mechanical  analog  devices  have  been  built  and  used.  The  voltages  generated  and 
manipulated  may  be  actual  voltages  generated  and  present  In  an  electrical  system,  or 
they  may  be  analogs  of  mechanical,  hydraulic,  or  other  physical  systems,  with  voltages 
representing  forces  or  pressures.  An  analog  computer  has  two  main  functions  In  an 
experimental  situation.  First,  If  the  physics  of  an  experimental  situation  can  be  re¬ 
duced  to  a  stated  equation,  the  analog  .computer  usually  can  solve  the  equation;  and, 
second,  It  Is  used  for  processing  of  experlmental  data5 to  derive  additional  Information. 
(A  third  use,  as  a  simulator  of  the  system  under  study,  is  not  of  much  interest  In  this 
field  of  physiological  monitoring.) 

The  principle  of  operation  of  the  electrical  analog  computer  Is  based 
upon  the  ability  of  an  operational  amplifier  and  associated  components  (discussed  In 
section  II)  to  add,  to  multiply  and  divide  by  a  constant,  to  Integrate,  and  to  differ¬ 
entiate.  A  mechanical  analog  computer  depends  on  gearing,  differential  and  regular, 
and  mechanical  disc  Integrators  for  Its  operation.  By  properly  combining  Its  functions, 
and  introducing  additional  special  lied  operations,  the  dnalog  computer  becomes  a  very 
versatile  Instrument. 

3.  Card  Sorter* 

Card  sorters  are  one  of  the  oldest  forms  of  automatic  data -processing 
equipment,  The  card  sorter  provides  a  well  Integrated  and  automatic  mehtod  of  cate¬ 
gorizing  and  filing  Information  for  fast  and  convenient  sorting  and  retrieval.  One 
standard  Hollerith  card  (IBM  card  type)  has  80  columns,  and  each  column  has  12  rows 
(see  figure  118).  The  first  10  rows  have  decimal  digit  significance  (0-9),  while  the 
remaining  two  rows  are  used  for  alphabetical  and  special  symbol  representations.  Each 
of  the  80  columns  can  be  punched  to  represent  one  number  letter,  or  special  symbol. 
Actually,  the  punched  card  is  a  form  of  memory  device  with  a  special  access  means. 

Once  information  Is  transcribed  onto  the  punch  card  (with  special 
punching  typewriters),  the  cards  are  stacked  and  filed  for  future  reference.  To  extract 
information  from  the  cards,  the  cards  are  put  Into  a  sorting  machine  where  each  card 
Is  examined  for  a  special  punched  sequence  corresponding  to  the  information  being 
searched.  By  an  electromechanical  arrangement,  all  of  the  cards  containing  the  In¬ 
formation  of  Interest  are  extracted  from  the  card  stack.  Punched  cards  also  are  used  as 
Input  and  output  media  for  digital  computers. 

Most  punch  typewriters  also  Imprint  the  symbol  punched  in  the  column 
above  the  punched  symbol,  permitting  simple  proofreading  of  the  card  to  ascertain  the 
accuracy  of  transcription.  Another  method  of  verifying  the  punching  accuracy  Involves 
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Figure  118.  80-Column  Punched  Card 

punching  the  card  a  second  time  and  noting  any  additional  punched  rows.  If  the 
accuracy  of  the  punch  mechanism  itself  is  doubted,  some  card  punching  machines 
read  the  punch  card  immediately  after  punching  and  compare  the  required  signal  with 
that  received  from  the  readback.  Any  discrepancy  activates  an  error  signal . 

III.  Determinants  for  Data  Processing  Method 

A.  Quantity  of  Data 

The  factor  that  probably  most  Influences  the  choice  of  data  processing  tech¬ 
nique  is  the  quantity  of  data  or  data  analysis  involved.  If  relatively  few  discrete 
values  of  data  are  obtained  and  a  simple  Indication  of  variable  change  Is  all  that  Is  of 
interest,  then  manual  graphing  is  indicated.  If  the  quantity  of  data  is  so  extensive  that 
it  will  be  impractical  for  a  human  operator  to  process  the  data  and  interpret  results, 
then  automatic  data  processing  is  used, 

B.  Speed  of  Processing 

How  quickly  the  processed  data  are  needed  is  a  determinant  as  to  whether  or 
not  automatic  data  processing  is  used.  If  the  data  to  be  analyzed  consist  of  involved, 
lengthly,  sequential  steps,  automatic  techniques  may  be  necessary  because  the  com¬ 
puter  has  the  advantage  of  having  all  data  practically  instantly  accessible,  while  a 
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human  operator  or  group  of  operators  Is  relatively  inefficient  in  coordinating  data 
segments. 


C .  Accuracy 

The  digital  computer,  when  operating  properly,  may  be  considered  error 
free,  which  unfortunately,  is  an  attribute  the  normal  human  lack!.  Not  only  can  the 
computer  perform  arithmetical  and  logical  functions  with  an  extremely  small  proba¬ 
bility  of  making  an  error,  but  It  can  be  programmed  to  recognize  certain  types  of  errors 
in  data  Introduction  by  various  external  souraes.  Such  systems  may  be  Instructed  to 
Indicate  not  only  the  presence  of  the  error,  but  at  what  point  the  error  is  introduced 
and  which  particular  equipment  malfunctioned. 

D.  Versatility 

The  results  obtained  from  a  single  set  of  tnput  data  may  be  quite  varied, 
depending  on  the  mathematical  or  logical  formats  used  with  the  data.  Because  of  the 
speed  and  versatility  of  the  computer,  multiple  analytic  techniques  can  be  attempted 
with  automatic  data  processing  that  otherwise  would  Involve  prohibitive  time  and  cost 
requirements.  Such  mathematical  techniques  as  cross-correlation  and  autocorrelation 
are  now  being  used  to  analyze  experimental  results  that,  previous  to  the  advent  of 
automatic  techniques,  were  not  even  attempted  because  of  the  considerable  expense 
and  time  required. 

DIGITAL  COMPUTERS 

The  digital  computer  Is  composed  of  four  major  elements:  the  Input/output  equip¬ 
ment,  the  arithmetic  unit,  the  memory,  and  the  control  unit.  The  Interaction  of  these 
elements  allows  the  computer  to  perform  various  arithmetic  operations,  and,  by  proper 
programming,  to  perform  various  logical  and  control  function.  The  input/output 
devices  are  used  for  entering  the  desired  program  and  data  Into  the  computer  and  ex¬ 
tracting  the  result*  of  the  various  computations  from  the  computer.  The  arithmetic 
unit  performs  the  operations.  The  memory  retains  stored  Information  necessary  for  the 
performance  of  the  various  computer  operations,  and  the  control  unit  Is  the  part  of  the 
computer  where  the  operations  are  organized. 

I.  Digital  Operation 

The  digital  computer  operates  on  numbers;  numbers  are  discrete  quantifications 
of  physical  phenomena.  The  most  familiar  number  system  Is  based  on  a  decimal  sys¬ 
tem,  with  the  quantities  0  through  9  representative  of  increasingly  ascending  numer¬ 
ical  values.  To  represent  10  distinct  numbers  electrically,  the  computer  would  have 
to  be  able  to  recognize  10  discrete  values  of  voltage,  which  would  present  a  rather 
difficult  task.  Instead,  a  number  system  Is  picked  which  is  more  suitable  for  electrical 
representation.  By  using  a  "0"  or  "1"  state  for  a  digit  (binary),  the  computer  has  but 
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to  recognize  the  pretence  or  absence  of  a  voltage.  Thus  counting  It  done  by  on-off 
sequences  of  voltages  or  pulses. 

A  character  Is  composed  of  a  sequence  of  the  binary  digits  (bits).  The  binary 
code  used  Is  a  positional  code;  t.e.,  a  bit  hat  a  value  according  to  where  the  bit  It 
positioned  In  the  word.  This  Is  the  same  convention  used  In  the  familiar  decimal 
system.  In  the  decimal  system  the  digit  to  the  extreme  right  In  a  number  hat  the  value 
between  0  and  9.  A  digit  appearing  In  the  next  column  to  the  left  has  a  value  between 
10  and  90,  and  so  on.  This  worth  of  the  digit  Is  bated  on  powers  of  the  system  bate  or 
radix  (10  in  this  case).  Thus  the  four-digit  number  3659,  In  this  positional  representa¬ 
tion  with  base  10  may  be  expressed  as 

(3  x  103)  +  (6  x  102)  +  (5  x  10l)  +  (9  x  10°). 

Each  place  hat  10  possible  values,  with  the  digits  0-9  being  the  multipliers  of  the 
powers  of  10.  In  the  binary  system  the  tame  configuration  holds  true,  except  that 
Instead  of  a  column  signifying  a  power  of  10,  It  Is  a  cower  of  2.  Thus  the  value  45  tn 
binary  notation  Is  expressed  as 

(1  x  25)  +  (0  x  24)  +  (1  x  23)  +  (I  x  22)  +  (0  x  2*)  +  (1  x  2°). 

In  normal  binary  notation  this  would  bo  written  as  101101  (32  +  0+8  +  4  +  0+1). 
Obviously,  the  binary  notation  requires  more  digits  to  express  a  value  than  the  deci¬ 
mal  system,  but  the  Important  feature  of  the  binary  system  Is  that  It  can  be  represented 
electrically  by  having  a  "1"  represented  by  a  circuit  that  ts  on,  and  a  "0"  by  a  circuit 
that  is  off  (or  vice  versa) . 

A  convenient  way  of  using  binary  notation  is  the  8-4-2-1  or  binary-coded-decimal 
notation.  Table  XI  lists  the  different  notations  for  numbers,  Including  decimal,  straight 
binary,  and  blnary-coded-decimal .  It  can  be  seen  that  In  binary-coded  decimal 
(BCD)  each  group  of  four  binary  digits  represents  one  decimal  digit,  with  both  binary 
and  decimal  positional  worth  retained.  In  each  group  of  four  bits  there  are  sixteen 
possible  combinations  of  bit  arrangement,  with  five  unused  combinations  (decimal 
10-15).  These  spare  notations  may  be  used  to  represent  letters  of  the  alphabet. 

The  on-off  representation  of  numbeii  extends  to  all  phases  of  the  computer.  A 
memory  device  must  either  be  In  one  state  or  the  other,  also  representing  a  "0"  or  "1" 
digit.  Full  numbers  (or  characters)  are  composed  of  a  sequence  of  Individual  digits. 
A  sequence  of  characters  ts  called  a  word.  The  word  Is  the  unit  transported  at  one 
time  from  one  section  of  the  computer  to  another.  Each  computer  manufacturer  places 
different  requirements  or  specifications  on  the  make-up  of  a  word.  The  usual  word 
length  Is  about  24  or  more  characters. 

A  word  may  be  transferred  from  one  part  of  the  computer  to  another  In  either  a 
serial  or  parallel  manner.  In  a  serial  transfer,  one  binary  digit  (bit)  at  a  time  Is 
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transferred,  to  that  it  takes  as  many  time  sequences  to  transfer  a  word  as  there  are  bits 
In  the  word.  A  parallel  transfer;  however/  transfers  all  the  bits  in  a  word  at  the  same 
time  over  as  many  paths  as  there  are  bits.  Therefore,  a  serial  transfer  requires  more 
time  but  only  one  transfer  path,  while  a  parallel  transfer  requires  less  time  but  multiple 
transfer  paths.  Transfers  of  information  go  from  memory  locations  to  registers,  or  from 
registers  to  memory  locations.  There  are  additional  paths  between  Input/output  devices 
and  registers. 


TABLE  XI.  DIGITAL  REPRESENTATION  OF  NUMBERS 


Decimal 

Straight  Binary 

Binary-Coded  Decimal 

00 

000000 

0000 

0000 

0000 

01 

000001 

0000 

0000 

0001 

02 

000010 

0000 

0000 

0010 

03 

000011 

0000 

0000 

0011 

04 

000100 

0000 

0000 

0100 

05 

000101 

0000 

0000 

0101 

06 

000110 

0000 

0000 

0110 

07 

000111 

0000 

0000 

0111 

08 

001000 

0000 

0000 

1000 

09 

001001 

0000 

0000 

1001 

10 

001010 

0000 

0001 

0000 

11 

001011 

0000 

0001 

0001 

12 

001100 

0000 

0001 

0010 

13 

001101 

0000 

0001 

0011 

20 

010100 

0000 

0010 

0000 

21 

010101 

0000 

0010 

0001 

60 

in  loo 

0000 

0110 

0000 

61 

111101 

0000 

0110 

0001 

62 

111110 

0000 

0110 

0010 

63 

mill 

0000 

0110 

0011 

Figure  119  illustrates  the  various  Information  and  control  paths  In  a  large  scale 
computer.  As  can  be  seen,  the  control  unit  Is  in  charge  of  the  computer  operation 
once  the  computer  starts.  The  control  unit  in  turn  is  controlled  by  the  computer  In¬ 
structions  or  program  presented  by  the  computer  programmer  In  the  form  of  detailed 
step-by-step  Instructions, 
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- CONTROL  FUNCTION* 

-  DATA  TRANSFKR 

Fleur*  1 19.  Block  Diagram  of  Digital  Computer  Organization 
1 1 ,  Component* 

A.  Input  Devices 

The  digital  computer  require!  Input  data  and  Instructions  written  In  a  digital 
form,  eompoied  of  on-off,  "1"  "0"  character*.  Once  the  data  and  Information  are 
entered  Into  the  computer,  the  machine  operate!  automatically.  On*  problem  tn  the 
design  of  Input  devices  Is  matching  the  extremely  high  speed  of  the  electronic  com¬ 
puting  circuitry  to  the  relatively  slow  electromechanical  aetlon  of  the  Input  devices. 
Of  necessity,  a  buffer  (or  storage  stage)  Is  connected  between  the  Input  stag*  and  the 
rest  of  the  computer.  The  buffer  receives  and  stores  the  relativelyslow  Input  data  until 
It  Is  economical  to  feed  the  data  Into  the  computer. 

1 .  Magnetic  Tape 

Magnetic  tap*  Is  the  usual  method  for  feeding  information  Into  a  com¬ 
puter.  The  speed  with  which  It  can  feed  data  approaches  but  not  quit*  reaches  the 
speed  of  computer  operation ,  An  average  transfer  rate  from  a  magnetic  tape  station 
Is  about  50, 000  characters  per  second. 

The  operation  of  a  magnetic  tape  station  Is  similar  to  that  discussed  In 
Section  IV.  D-c  pulses  of  Information  are  recorded  tn  parallel,  with  each  track  rep¬ 
resenting  one  bit  of  information.  The  number  of  tracks  on  the  tape  Is  determined  by  the 
number  of  bits  per  character  and  the  type  of  computing  system  used.  One  system  In 
general  use,  the  RCA  501,  has  seven  bits  per  character  (six  bits  actually  comprise  the 
character  and  the  seventh  bit  Is  for  error  checking),  and  an  eighth  bit  is  recorded  for 
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timing  purposes.  Each  of  these  eight  bits  is  recorded  on  two  separate  tracks  to  avoid 
the  loss  of  Information  because  of  malfunction  In  any  one  head  element  or  an  Irregu¬ 
larity  In  the  coating  of  the  magnetic  tape.  Thus  16  tracks,  with  each  one  responsible 
for  one  of  the  eight  bits  or  pulses,  comprise  the  character.  The  character  from  the  tape 
Is  retrieved  In  parallel,  requiring  eight  amplifier  channels.* 

The  tape  mechanism  can  run  the  tape  forward  or  reverse  Its  direction  past 
the  heads  used  for  recording  and  sensing.  The  computer  controls  the  motion  of  the 
tape.  Figure  120  Illustrates  a  tape  station  used  for  a  computer  system. 

The  magnetic  tape  station  Is  used  for  entering  Input  data  and  Instructions, 
and  as  a  memory  device  for  the  computer,  handling  the  overflow  from  the  high  speed 
memory  In  the  computer.  A  third  use  Is  as  a  "scratch  pad"  for  the  computer.  When 
calculations  are  to  be  performed  and  the  results  are  being  used  for  additional  calcula¬ 
tions,  the  magnetic  tape  medium  Is  used  for  this  on-the-slde  computation. 

2,  Punched  Cards 

,  The  punched  card  system  of  transcribing  data  and  Instructions  Is  ex¬ 
tremely  popular  and  convenient  because  It  provides  the  opportunity  to  examine  visually 
the  Information  being  processed  for  computer  use .  Magnetic  tape,  of  course,  usually 
does  not  provide  this  feature.  A  common  procedure  for  high-speed  computers  Is  to  use 
punched  cards  to  transcribe  data  to  magnetic  tape .  Thus  the  punched  cards  act  as  an 
intermediate  Input  stage. 

The  format  of  the  punching  system  Is  dictated  by  the  requirements  of  the 
computer  system.  Tha  standard  punched  card  eode,  discussed  earlier  In  this  section 
may  be  used,  but  the  transcription  from  punched  cards  to  magnetic  tape  must  contain 
format  manipulation. 

Punched  card  readers  operate  at  speeds  of  about  600  cards  per  minute. 
The  cards  are  read  either  by  brushes  which  sense  the  punched  holes  by  completing 
electrical  contact  through  the  holes,  or  by  a  photoelectric  system  sensing  scheme.  In 
either  case,  the  data  are  composed  of  on-off  signals,  corresponding  to  the  desired 
binary  data  form. 

The  card  readers  usually  contain  an  error-sensing  feature  to  check  the 
accuracy  of  the  punching  or  the  reading  of  the  card.  The  card  maybe  read  twice, 
and  the  two  readings  must  not  only  agree,  but  must  have  correct  parity  (either  an  even 
or  odd  number  of  "1"  bits) . 

If  the  punched  card  Information  Is  transcribed  to  magnetic  tape,  the 
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Figure  120.  Magnetic  Tape  Station 

cards  may  be  disposed  of  after  the  transcription,  and  the  magnetic  tape  retained  for 
future  use  of  the  data. 

3.  Punched  Tape  Reader 


A  punched  tape  reader  uses  a  long  strip  of  paper  tape  that  is  perforated 
in  some  type  of  digital  code,  similar  to  that  used  In  the  magnetic  tape  system.  Either 
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five-  or  seven-track  tap*  may  b*  used,  with  both  typai  having  an  additional  track, 
consisting  of  a  sprocket  hole  down  the  center  of  the  tape  to  aid  In  guidance  and  to 
provide  a  timing  pulse  for  the  reader.  The  tape  Is  read  by  a  photoelectric  system. 
One  paper  tape  reader#  the  RCA  503,  has  entry  speeds  up  to  1000  characters  per 
second,  which  Is  fast  enough  to  feed  directly  Into  the  computer  memory  through  the 
buffer  Input  stages.* 

Punehed  paper  tape  has  the  same  advantage  as  punched  cards:  visual 
Indication  of  data  .  The  Flexowrtter  paper  tape  reader  and  puncher  permits  the  accu¬ 
racy  of  punched  tape  to  be  verified  because  it  prepates  a  typewritten  copy  while  It 
Is  punching  tape;  In  addition,  It  can  prepare  typewritten  copy  from  tape  already 
punched,** 


4.  Analog-To-DIgltal  Converters 

For  on-line  operations  of  the  digital  computer  In  a  physiological  moni¬ 
toring  system,  an  analog-to-dlgltal  converter  Is  connected  to  the  Input  of  the  com¬ 
puter  and  Information  Is  fed  directly  to  the  computer  or  to  Intermediary  magnetic  tape 
storage.  The  Information  must  be  In  a  form  that  the  computer  can  use,  namely  In  a 
digital  code  format  corresponding  to  the  cade  and  format  for  which  the  computer  has 
been  designed . 

For  many  computers,  blnary-coded-declmal  (BDC)  Is  acceptable  as  an 
Input  language.  In  the  blnary-coded-declmal  code  (8— 4— 2—1  code),  each  decimal  digit 
Is  represented  by  a  four-bit  binary  code.  Thus  four  lines  per  decimal  digit  are  re¬ 
quired  In  the  computer  Input. 

There  are  both  electronic  and  mechanical  methods  used  for  the  analog- 
to-dlgltal  conversion.  The  method  used  for  the  actual  conversion  differs  according  to 
the  following  criteria  and  requirements  (ref.  6): 

(1)  Form  of  the  analog  data  (time,  frequency,  voltage,  shaft 
position,  graph  recordings,  etc). 

(2)  Digital  code  output  required. 

(3)  Number  of  bits  In  the  output  (determined  by  the  precision 

desired). 

(4)  Quantization  error.  The  error  I  mposed  by  the  choice  of  the 

number  of  bits. 
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(5)  Accuracy,  Degradation  caused  by  drift,  miscallbratlon,  etc. 

(6)  Holding  characteristics.  1  he  necessity  for  providing  a  constant 
Input  to  the  converter  during  the  period  of  conversion  to  serial  binary  form  (may  require 
use  of  a  storage  register) . 

(7)  Conversion  time.  The  time  required  to  finish  one  coding  con¬ 
version. 

(8)  Conversion  rate.  The  number  of  conversions  performed  per  unit 

time. 

(9)  Total  or  incremental  determination.  Whether  the  converter 
recalculates  the  digital  value  as  an  entirely  new  step,  or  determines  the  difference 
In  value  from  the  previous  calculation  and  algebraically  adds  the  difference  In  value 
to  the  value  previously  determined. 

a.  Electronic  Analog-To-DIgltal  Conversion 

The  following  are  four  methods  of  electronic  analog-to-dlgltal 

conversloni 

(1)  Ramp  Method,  The  ramp  method,  discussed  previously  In 
Section  III  under  the  heading  "Digital  Display,"  actually  measures  the  time  neces¬ 
sary  for  a  linearly  rising  ramp  voltage  to  reach  the  amplitude  of  the  Input  voltage 
being  converted.  An  oscillator  Is  started  when  the  ramp  starts  and  It  stops  when  the 
comparator  circuit  Indicates  equal  amplitudes.  The  oscillator  output  drives  a  digital 
counter  which  has  a  coded  output  equal  to  the  number  of  pulses  received  during  the 
period  corresponding  to  the  value  of  the  voltage  digitally  coded  (see  figure  56). 

(2)  Feedback  or  Comparison  Method.  In  this  method  of  analog- 
to-dlgltal  conversion,  the  digital  output  of  the  converter  Is  compared  to  the  analog 
voltage  at  Its  Input.  In  order  for  the  two  quantities  to  be  compared  (digital  and  ana¬ 
log),  It  Is  necessary  to  convert  the  digital  to  an  analog  form,  which  Is  done  with  an 
Internal  dlgltal-to-analog  converter.  Figure  121  Illustrates  this  arrangement. 

The  output  and  Input  analog  voltages  are  compared  In  the  com¬ 
parator  circuit,  where  the  output  Is  subtracted  from  the  Input.  If  the  Input  Is  greater 
than  the  output,  a  positive  voltage  Is  produced  by  the  comparator.  This  positive 
voltage  Is  applied  to  the  digital  decision  switching  unit,  which  causes  the  switching 
unit,  a  form  of  digital  counter,  to  count  upward  to  change  the  digital  output  to  a 
higher  value  code.  This  new  digital  code  Is  converted  and  compared  and  the  process 
repeated,  until  the  point  where  the  comparator  circuit  produces  a  zero  difference. 
This  means  that  the  output  code  Is  exactly  equal  to  the  Input  voltage  and  there  has 
been  an  accurate  analog-to-dlgltal  conversion.  Of  course,  If  the  original  digital 
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Fliur*  1 21 .  Feedback  Method  of  Analog-To-DIgltal  Conversion 


code  werb  greater  than  the  analog  voltage  Input,  the  subtraction  process  would  have 
produced  a  negative  difference,  which  would  have  cauied  the  switching  unit  to  count 
down  ond  decrease  the  digital  code  output,  until  a  zero  difference  was  obtained. 


>:;■  Thii  comparison  and  conversion  steps  In  this  type  of  converter 

must  bo  performed  very  quickly,  so  that  the  output  of  the  converter  Is  able  to  follow 
changes  In  the  Input.  The  holding  characteristic  also  Is  a  determinant  In  the  use  of 
this  converter,  because  the  Input  must  be  of  a  constant  value  until  all  of  the  feedback 
trails  are  performed  and  the  output,  has  settled  to  the  final  value. 


(3)  Cascaded  Stages  of  Comparators.  A  parallel  cascading  of  com¬ 
parators  Is  used  for  analog-to-dtgltal  conversion,  with  each  comparator  set  for  a  differ¬ 
ent  level  of  Input  voltage  corresponding  to  the  value  of  the  digital  bit.  The  com¬ 
parators  are  Interlocked  so  that  as  one  stage  Is  turned  on,  the  stage  with  the  lower  (or 
upper)  value  Is  turned  off. 


(4)  Doubling  Converter.  The  doubling  converter  does  not  require 
a  dlgltal-to-analog  converter,  as  does  the  feedback  method.  In  this  system  each 
digital  bit  Is  generated  In  sequence,  from  the  most  significant  to  the  least  significant. 
Figure  122  Illustrates  the  operation  of  this  converter  (ref.  22). 


The  reference  voltage  Is  equal  to  one-half  the  full-scale  con¬ 
version  range  of  the  converter.  On  the  first  sampling,  the  Input  voltage  Is  compared 
to  this  standard  voltage.  If  the  Input  voltage  Is  greater  than  or  equa1  to  the  reference, 
the  standard  voltage  Is  subtracted  from  the  Input  voltage.  At  the  same  time  the  moot 
significant  bit  has  a  "1"  generated.  After  the  subtraction,  the  voltage  difference  Is 
doubled  and  again  compared  with  the  standard  voltage.  If  the  Initial  comparison 
Indicated  that  the  reference  voltage  was  greater  than  the  Input  voltage,  then  a  "0"  Is 
generated  for  the  most  significant  bit,  no  subtraction  takes  place,  and  the  Input  volt¬ 
age  Is  doubled  to  be  compared  again  with  the  reference  voltage.  This  process  ts  re¬ 
peated  over  and  over  until  all  of  the  bits  are  generated.  Thus  the  time  necessary  to 
perform  a  conversion  ts  equal  to  the  number  of  output  bits  times  the  conversion  time 
for  each  bit. 
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To  Illustrate  the  operation  of  this  converter,  assume  that  the 
full-scale  range  of  the  device  Is  32  volts.  The  analog  Input  voltage  (unknown)  is  27 
volts.  One-half  of  the  full-scale  range,  16  volts,  Is  the  value  for  the  reference 
standard.  On  the  first  sampling,  the.  Input  voltage  (27  volts)  Is  compared  with  the 
standard  (16),  the  difference  Is  positive  (11  volts),  and  the  most  significant  digital 
bit  Is  generated  as  a  1.  The  difference  voltage  Is  doubled  (22  volts)  and  then  com¬ 
pared  again  to  the  reference.  Again  the  reference  Is  smaller  (by  6  volts),  the  next 
most  significant  digit  Is  generated  as  a  1,  and  the  difference  voltage  Is  doubled.  On 
the  third  sampling,  the  doubled  voltage  Is  only  12  volts,  which  Is  less  than  the  ref¬ 
erence  voltage,  so  that  the  next  bit  generated  is  a  0.  The  voltage  Is  doubled  again 
without  being  subtracted  (24  volts),  subtracted,  a  1  Is  generated,  and  the  difference 
Is, 8  volts.  When  doubled  and  compared,  the  reference  voltage  Is  found  to  be  exactly 
the  value'  of  this  16-volt  level,  so  that  a  1  bit  Is  generated  for  the  fifth  place.  Thus 
the  digital  output  for  the  27-vo|t  Input  Is  11011,  which  Is  27  In  binary  notation. 

b.  Mechanical  Andlog-To-DIgltal  Conversion 

(1)  Shaft  Position  Method.  The  shaft  position  method  of  another 
form  of  on-line  analog-to*dlgltal  conversion  Involves  changing  the  mechanical  posi¬ 
tion  of  a  code  wheel  attached  to  the  rotating  shaft.  The  code  wheel  has  Imprinted  on 
It  a  pattern  of  conducting  and  nonconducting  segments,  which  generate  "  l's"  or  "0V 
according  to  the  position  of  the  segments  In  relation  to  brushes  that  ride  on  the  seg¬ 
ments  (see  figure  123). 

(2)  Graph-Recording  Method.  A  second  type  of  mechanical 
anolog-to-dlgltal  conversion  converts  the  results  of  experiments  recorded  on  graph 
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Figure  123.  Code  Wheel  for  Mechanical  Analog-to-DIgltal  Conversion 

paper  to  a  form  acceptable  to  a  digital  computer.  In  one  system*  two  crosshairs  are 
aligned  manually  over  the  graphed  function  as  the  paper  on  which  the  data  are  re¬ 
corded  Is  transported  at  a  constant  velocity  past  the  crosshairs.  At  uniform/  preset 
time  Intervals,  the  position  of  the  crosshairs  Is  sensed,  digitized,  and  readout  tn  a  form 
applicable  either  for  dlreot  Input  to  the  computer  or  for  a  paper-punched  format. 

A  more  automatic  system  Is  available, using  the  graph-recording 
method  of  analog-to-dlgltal  conversion.**  In  this  system  the  graphed  line  Is  sensed 
automatically,  either  electromognetleally  by  means  of  a  high-frequency  signal  passing 
through  a  silvered  line  drawn  over  the  graphed  line,  or  optically  by  sensing  the  pen 
line  directly.  The  sensing  head  Is  connected  to  a  follower  servo  system,  which  permits 
continuous  tracking  of  the  variation  of  the  graphed  curve,  as  well  as  providing  output 
voltages  corresponding  to  the  graph  amplitude.  While  the  output  is  an  analog  voltage, 
this  voltage  may  be  digitized  by  one  of  the  electronic  analog-to-dlgltal  converters 
mentioned  previously. 

5.  Digital -to-DIgltal  Converters 

When  the  Input  data  to  the  computer  are  tn  a  digital  form  but  not  In  the 
format  acceptable  to  the  computer,  a  stage  of  digital -to-dlgltal  conversion  must  be 
used.  In  this  converter,  the  following  functions  may  be  performed! 
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(1)  Change  in  number  of  bits  per  character. 

(2)  Change  of  bit  polarity  convention . 

(3)  Converiton  from  straight  binary  to  blnary-coded-declmal,  or 

the  reverse. 

(4)  Change  of  number  of  characters  per  word . 

(5)  Insertion  or  deletion  of  end-of-word  symbol . 

(6)  Insertion  or  deletion  of  line  characters  (end-ef-JIne  or 
beglnnlngnsf-llne)  used  with  the  typewriter  transcriber. 

(7)  Change  of  amplitude  level. 

6.  Typewriter 

An  on-line  typewriter  often  Is  used  with  a  computer  system  to  enter  small 
amounts  of  data  manually.  The  typewriter  Is  similar  to  a  teletype  device,  where  the 
output  from  the  keyboard  Is  converted  to  a' binary  code,  as  well  as  printed  copy  for 
Immediate  perusal  and  error  checking. 

B.  Output  Devices 

1 .  Magnetic  Tape 

Magnetic  tape  Is  used  extensively  as  an  output  device  for  the  same 
reason  that  It  Is  used  as  an  Input  to  the  computer)  Its  fast  speed  of  data  transcription. 
The  magnetic  tape  recorder  operates  similarly  both  as  an  output  and  Input  device,  and 
In  fact,  the  same  machine  may  be  used  as  both  an  Input  and  output  device  during  the 
same  program.  When  the  magnetic  tape  Is  being  used  as  an  output  device  medium, 
tape  must  be  used  that  has  been  erased  magnetically  beforehand  so  that  no  false  bits 
are  left  on  the  tape  when  the  output  of  the  computer  Is  recorded .  Most  tape  stations 
have  a  bullt-ln  erasing  system  so  that  the  tape  Is  erased  before  It  reaches  the  recording 
head  of  the  machine.  Bulk  tape  erasers  are  used  If  the  entire  tape  Is  to  be  erased  at 
once,  and  they  generally  do  a  better  and  faster  |ob  than  the  bullt-ln  erasing  circuits. 

2.  Punched  Cards 

While  punched  cards  may  be  used  as  the  on-line  output  medium  of  the 
computer,  their  relatively  slow  punching  speeds  (a  few  hundred  cards  per  minute) 
restrict  their  use  In  most  computer  systems.  Instead,  they  often  are  used  as  the  second¬ 
ary  output  device,  being  controlled  by  a  magnetic  tapo  station  which  has  had  the 
original  computer  output  data  stored  In  it. 
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3.  High-Speed  Printer 

Hlgh-ipeed  printer*  often  are  uted  01  output  device*  for  the  computer 
because  their  writing  speed*  approach  the  speed  of  the  computer.  One  such  high¬ 
speed  printer  has  the  capability  of  typing  600  lines  a  minute,  with  each  line  having  a 
maximum  of  120  characters.  This  rate  of  1200  characters  per  second  Is  practical  for 
most  on-line  applications; 

Two  types  of  high-speed  printer  mechanisms  are  used.  In  one  model  the 
letters  to  be  printed  are  contained  on  a  print  wheel  which  rotates  at  a  relatively  high 
speed  (900  rpm).  Thera  are  120  faces  on  the  print  wheel,  with  each  face  containing 
all  the  letters,  numerals,  and  symbols  used  In  the  system.  As  the  Information  from  the 
computer  output  Is  entered  Into  the  high-speed  printer,  the  angular  position  of  the 
print  wheel  Is  coordinated  with  the  symbol  to  be  printed.  As  the  wheel  turns,  solenoid 
hammers  are  actuated  which  strike  the  paper  onto  the  print  wheel  through  a  ribbon. 
Fast  printing  speeds  are  possible  because  the  only  mass  to  be  moved  Is  the  relatively 
low  hammer  mass.  The  more  massive  type  and  carriage  are  not  repositioned  for  each 
letter,  as  in  a  standard  typewriter. 

The  second  method  generally  used  Is  the  wire  matrix  printing  technique. 
In  this  type  of  printer  each  character  Is  formed  by  a  combination  of  small  wires  in  a  5 
by  7  wire  matrix.  Figure  124  shows  this  type  of  configuration.  The  tips  of  the  wires 
are  Inked  or  press  an  Inked  ribbon  onto  the  paper  in  the  printer.  Because  of  the  ex¬ 
tremely  small  mass  of  these  wjres,  very  little  inertia  Is  associated  with  the  mechanical 
portion  of  the  printer,  allowing  the  high  printing  speeds  necessary  for  on-line  appli¬ 
cations.  The  characters  printed  by  the  wire-matrix  method,  although  not  as  legible 
as  with  the  print  wheel,  are  adequately  readable. 

Other  methods  such  as  optical  and  photographic  technique*  forming  the 
print-out  Information  are  used;  however,  for  most  general  purpose  computer  applica¬ 
tions,  the  additional  complexity  and  cost  are  not  justified  to  obtain  the  higher  printing 
speeds  achievable. 

4.  Typewriter 

The  same  typewriter  used  to  enter  data  in  small  amounts  Into  the  computer 
may  be  used  as  an  output  device  If  the  amount  of  data  is  limited  to  a  few  numbers  or 
lines  of  numbers .  The  typing  speed  of  the  typerwlter  Is  only  about  6  to  12  characters 
per  second.  The  typewriter  also  can  be  programmed  to  give  a  plot  of  the  output  data 
by  arranging  the  computer  output  format  in  a  character-versus-line  pattern.  Either 
output  can  also  be  displayed  on  a  cathode-ray  tube,  and  photographed. 

5 .  Punched  Paper  Tape 

Punched  paper  tape  may  be  used  as  an  output  medium  as  well  as  an  input 
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Figure  124.  Wire  Matrix  for  High  Speed  Printer 

medium.  The  speed  of  the  punch  is  relatively  slow,  ranging  from  20  to  about  300 
characters  per  second.  Either  5  or  7  punch  holes  per  character  formats  are  available. 


C.  Computer  Registers 

In  the  arithmetic  unit  of  the  computer  are  elementary  memory  or  storage 
devices  called  registers.  A  register  is  a  circuit  with  the  capability  of  storing  the  bits 
of  information  comprising  a  computer  word.  When  the  registers  are  connected  so  as  to 
add  (in  binary)  the  arithmetic  contents  of  one  register  to  the  contents  of  another,  the 
combination  of  the  register  and  the  adder  circuitry  Is  often  referred  to  as  the  accumu¬ 
lator.  Frequently,  three  registers  and  an  adder  compose  the  arithmetic  unit:  one 
register  stores  the  addend,  the  second  register  stores  the  augend,  and  the  third  register 
stores  the  sum.  In  multiplication  and  division,  these  registers  would  contain,  respec¬ 
tively,  the  multiplier  or  quotient,  the  multiplicand  or  divisor,  ond  the  product  or 
dividend. 


Certain  registers  also  have  the  ability  to  shift  the  information  stored  in  them 
one  unit  right  or  left.  This  feature  may  simplify  multiplication  and  division.  When 
entering  data  from  a  serial  source  into  the  register,  a  shift  register  is  used  to  clock  in 
the  data  one  bit  at  a  time  into  an  empty  register  until  the  full  word  length  is  stored; 
thus  serial-to-parallel  conversion  is  performed .  Also,  normalization  and  round-off  of 
numbers  by  shifting  the  number  right  and  then  left  In  the  register,  eliminating  the  least 
significant  bit. 
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The  control  unit  of  the  computer  also  has  registers.  The  registers  here  are 
used  to  store  temporarily  the  addresses  of  the  memory  locations  for  the  data  that  Is  to 
be  sent  to  the  arithmetic  unit. 

The  Input  data  to  memory  locations  and  the  output  data  from  the  computer 
memory  alto  go  through  a  register,  called  a  buffer  register.  This  register  compensates 
for  the  difference  In  the  data-handllng  speeds  of  the  Input/output  devices  and  the 
computer  memory. 

The  registers  are  composed  of  series  of  storage  circuits  called  flip-flops. 
These  circuits  are  so  named  because  for  each  input  pulse  (bit),  they  change  their  state 
from  an  on-to-off  or  from  an  off-to-on  condition.  In  a  parallel  register  each  flip-flop 
stores  one  bit.  The  flip-flop  circuits  In  most  modern  computers  are  transistorized,  with 
a  minimum  of  two  transistors  per  flip-flop  necessary. 

The  computer  registers,  as  mentioned  previously,  are  used  only  for  temporary 
storage.  These  register  storage  areas  are  designed  specifically  to  allow  the  arithmetic 
operations  tp  be  performed  with  the  greatest  degree  of  efficiency,  accuracy,  and 
speed.  By  separating  the  functions  of  the  storage  and  arithmetic  areas,  the  computer 
size  and  cost  are  reduced.  The  more  specific  memory  elements  (described  below)  are 
used  to  store  the  large  quantities  of  data  neeessary  for  complex  calculations;  the  ele¬ 
mentary  operations  are  performed  In  the  computer  registers. 

D.  Memory  Devices 

One  of  the  characteristic  components  of  the  digital  computer  is  the  built-in 
storage  or  memory  section.  If  the  computer  did  not  have  this  memory  capability,  the 
computer  operator  would  have  to  feed  into  the  computer  each  element  of  Information 
singly  as  It  was  needed,  and  the  computer  would  be  {ust  an  oversized  and  very  ex¬ 
pensive  desk  calculator.  With  the  memory  capability  of  the  computer,  however,  the 
operator  can  feed  Instructions  and  input  data  to  the  computer,  and  the  computer  pro¬ 
ceeds  automatically,  processing  the  data  according  to  the  instructions,  assembling  the 
desired  answers,  and  making  the  results  available  at  the  output  In  whatever  form  the 
instructions  dictated.  Certain  routines  that  are  used  frequently,  but  not  In  every  com¬ 
putation,  may  be  storod  externally  (for  example,  on  a  reel  of  magnetic  tape),  and 
made  available  to  the  computer  when  requested. 

Computer  memory  devices  are  classified  in  different  ways:  according  to  the 
organization  of  information  in  the  memory;  whether  the  withdrawal  of  stored  Informa¬ 
tion  erases  the  memory  of  this  Information  permanently;  and  according  to  the  speed  of 
withdrawal  and  insertion  of  information  out  of  and  Into  the  memory.  The  following  Is 
a  discussion  of  the  mujor  memory  devices. 
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1 ,  Magnetic  Tap* 

Magnetic  tape,  often  used  as  a  memory  device  In  a  digital  computer,  It 
seldom  used  exclusively,  but  ratHier  at  bn  auxiliary  storage  capacity  associated  with 
some  other  memory  system.  Magnetic  tape  is  considered  as  a  low-speed,  high-quanttty 
form  of  storage  wi  th  a  nondestructive  readout  capability,.  Since  magnetic  tape  is 
wound  upon  large  reels,  Information  required  by  the  computer  may  be  stored  at  one  ; end 
of  the  tape  when  the  reel  Is  positioned  with  the  other1  end  of  the  tape  at  the  reproduc¬ 
tion  head.  The  tape  would  have  to  rUh  Its  full  length  (requiring  a  minute  or  more)  be¬ 
fore  the  information  became  available.  When  information  Is  read  from  the  tape,  the 
tap*  is  not  disturbed,  since  the  reproduction  head  merely  senses  the  magnetic  state  of 
the  tap*. 

As  mentioned  previously,  tape  Is  an  excellent  computer  input  and  output 
device.  It  also  may  be  used  to  handle  the  overflow  of  information  from  (he  high-speed 
memory  of  the  computer,  and  as  a  storage  means  for  certain  routines  ,  retained  in  the 
computer  facility  library  for  reuse.  These  routines  usually  are  read  out  of  the  tape  into 
the  high-speed  memory  of  the  computer  when  needed. 

2.  Magnetic  Core 

Magnetic  cor*  memory  is  the  most  widely  used  form  of  high-speed  com¬ 
puter  memory  storage  because  of  the  extremely  high  speed  of  Information  retrieval  and 
high  density  of  packaging  possible  despite  tts  relatively  high  cost.  The  cores  are  small 
ferromagnetic  doughnuts  (figure  125)  with  wires  threaded  through  the  holes.  The 
magnetic  operation  of  these  cores  Is  such  that  only  two  stable  states  of  magnetization 
exist.  These  two  states  are  reached  by  causing  a  current  of  sufficient  amplitude  to  flow 
through  one  of  the  wires  threaded  through  the  hole  of  the  cor*  or,  alternately,  to  have 
the  sum  of  currants  In  more  than  one  wire  through  the  center  of  the  core  great  enough 
to  overcome  the  coercive  force  of  the  magnetic  material.  The  choice  of  the  two 
magnetic  states  Is  determined  by  the  direction  of  current  flow  through  the  wires. 

Figure  125  illustrates  the  operation  of  the  magnetic  core  memory.*  Three 
wires  pass  through  each  core:  the  write  winding,  which  carries  a  current  of  100  mi  1 1  i  - 
amperes  when  energized;  the  read  winding,  which  is  looped  twice  around  the  core,  so 
fora  read  current  of  210  milliamperes,  an  effective  magnetization  force  of  420 
rillllampere-turns  Is  present;  and  the  sense-digit  winding,  which  fora  write  cycle  Is 
energized  with  100  milliamperes  in  the  same  sense  as  the  writ*  current,  and  In  the  read 
cycle  Is  a  pickup  laad  for  Induced  voltages.  The  magnetic  core  Is  in  one  of  the  two 
states  Indicated  on  the  figure:  the  "0"  state  corresponding  to  positive  B  and  H,  and  the 
"1"  state  corresponding  to  negative  values  of  B  and  H.  The  core  switches  from  one 


*Ampex  Model  8192-LQ-56  High  Speed  Memory,  Ampex  Computer  Products  Company, 
Culver  City,  Calif. 
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Figure  125.  Magnetic  Core  Memory  Operation 

•tate  to  the  other  very  quickly  if  the  H  Is  reversed  quickly.  The  H  is  produced  by  the 
current  through  the  wires  around  the  core ,  Approximately  200  milllarnpere-tUrhs  are 
required  to  switch  the  core  from  one  state  to  the  other.  Thus,  if  the  core  is  in  the  "0" 
state  and  both  the  write  and  sense  digit  windings  are  energized,  If  will  switch  to  the 
"  1"  jtate;  If  the  core  Is  in  the  "1"  state  and  the  read  winding  is  energized,  the  core 
will  switch  to  the  "0"  state.  When  the  magnetic  state  is  changed,  q  voltage  Is  induced 
by  the  change  In  flux.  Therefore,  If  the  core  is  In  the  "1"  state  and  the  read  winding 
Is  energized,  a  voltage  is  induced  in  the  sense  winding ,  If  the  core  Is  already  in  the 
"0"  state,  no  voltage  is  induced.  The  magnetic  state  of  the  core  therefore  can  be 
sensed  and  provides  a  convenient  method  pf  memory  readout.  For  each  readout,  the 
core  Is  returned  to  "0";  if  the  Information  the  core  is  storing  must  be  retained,  a  “  1" 
must  be  regenerated  to  reset  the  core. 

The  cores  are  strung  in  a  wiring  matrix  in  such  a  way  that  each  write 
line  threads  through  all  of  the  cores  associated  with  certain  56-bit  words  (see  figure 
126).  At  one  end  of  each  write  line  is  a  write-drive  switch;  a  sink  switch  is  ar  the 
other  and.  By  properly  activating  one  write  switch  and  one  sink  switch,  only  one  set 
of  cores  of  the  8192  word  locations  in  the  high  speed  memory  has  the  write  current 
passing  through  It.  However,  the  write  current  alone  is  not  great  enough  to  switch  the 
state  of  the  cores. 

The  sense-digit  lines  each  go  through  one  bit  (one  core)  of  each  of  the 
8192  words.  When  a  sense-digit  line  and  the  write  liner  ore  both  activated,  only  one 
of  the  458,752  cores  (8192  words  x  56  bits  par  word)  in  the  memory  has  the  full  200 
milliamperes  necessary  to  switch  its  state.  Thus  a  "1"  may  be  written  into  a  given  core 
location,  corresponding  to  one  bit  of  a  given  word.  Actually,  all  56  bits  of  a  given 
word  are  written  at  the  same  time  in  this  parallel  operation  memory. 
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Figure  126.  Magnetic  Cora  Memory  Switching  Circuit 

The  readout  of  Information  from  the  eore  memory  li  the  lame  at  the 
wrlteln,  except  that  read-drive  switches  are  activated  In  conjunction  with  the  link 
switches.  The  sense-digit  lines  are  connected  to  amplifiers  to  sense  the  Induced 
voltages,  as  contrasted  to  their  connection  to  digit  drlvo  switches  during  the  write 
operation.  Figure  126  Illustrates  an  array  of  cores  connected  to  the  read  and  write 
switches. 

The  typical  operation  time  of  a  magnetic  core  memory  for  writing  or 
reading  Is  about  5  microseconds.  This  type  of  memory  Is  classified  as  a  destructive 
memory  for  the  Information  Is  destroyed  upon  readout.  However,  If  a  loss  of  power  to 
the  memory  should  occur,  the  magnetic  cores  retain  the  stored  Information. 

3.  Magnetic  Drum 

Magnetic  drum  memory  often  Is  used  as  an  auxiliary  memory  or  as  the 
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main  memory  in  smal l«r  computers.  The  memory  device  it  a  large  rotating  cylinder 
whote  surface  Is  coated  with  a  magnetic  material  similar  to  the  coating  on  magnetic 
tape.  A  number  of  heads  are  positioned  in  a  line  parallel  to  the  long  axis  of  the 
cylinder,  forming  tracks  of  Information.  Both  read,  write,  and  erase  heads  are  posi¬ 
tioned  over  eaeh  track . 

As  the  drum  rotates,  the  write  head  writes  bits  of  data  on  a  track.  For 
the  rptrleval  of  Information,  the  computer  must  watt  until  the  storage  location  on  the 
track  Is  under  the  read  head,  therefore,  the  access  time  for  magnetic  drum  memory  Is 
not  fixed,  but  depends  on  the  drum  location  and  the  rotation  rate .  An  average  access 
time  of  10  milliseconds  Is  required  whan  a  magnetic  drum  Is  used. 

To  make  the  drum  at  all  efficient,  parallel  readout  Is  used.  Thus,  In  the 
10  milliseconds  necessary  to  retrieve  Information,  the  whole  computer  word  is  re¬ 
trieved.  In  serial  construction  an  average  of  10  milliseconds  Is  required  to  reach  the 
first  bit  of  the  word,  and  the  remaining  time  needed  for  the  additional  bits  In  the  word 
Is  a  function  of  the  rotation  speed  of  the  drum. 

As  In  magnetic  tape  applications,  the  magnetic  drum  memory  Is  not 
erased  upon  readout.  The  Information,  of  course,  can  be  erased  and  new  information 
entered  upon  command  of  the  computer .  Often  the  drums  have  one  or  more  perma¬ 
nently  recorded  tracks  which  supply  a  timing  pulse  for  the  computor  as  well  as  a  ref¬ 
erence  signal  Indicating  where  In  the  drum  rotation  cycle  the  drum  Is  at  any  Instant  of 
time, 


4,  Magnetic  Disc 

The  magnetic  disc  memory  Is  used  only  as  an  auxiliary  memory  because 
of  Its  extremely  slow  access  time.  The  device  Is  similar  to  an  automatic  |uke  box  with 
discs  of  magnetic  material  Instead  of  audio  records.  On  both  surfaces  of  each  disc  are 
recorded  the  bits  composing  the  computer  words,  One  such  disc  file  memory*  has  128 
discs,  allowing  a  storage  capacity  af  over  4.6  million  characters.  By  having  such  a 
large  capacity  computer  memory  available  (even  with  the  relatively  slow  access  time 
memory),  the  computer  Is  able  to  process  tremendous  amounts  of  data  without  exhausting 
all  storage  space.  The  various  service  and  translating  routines  also  may  be  stored 
without  using  limited,  high-speed  memory  room. 

The  access  time  for  such  a  disc  file  Is  about  2  seconds.  The  actual  data 
transfer  rate  between  the  high-speed  memory  and  this  external  low-speed  memory  Is 
2500  characters  per  second.  As  In  the  other  magnetic  writing  systems  (tape  and  drum), 
the  Information  may  be  read  without  destruction  or  It  may  be  erased  and  recorded  at 
will. 


*RCA  301  Disc  File,  Radio  Corporation  of  America,  Camden,  N  .  J  . 


DIGITAL  COMPUTERS 


5.  Acoustic  Data/  Unit 

In  some  of  the  early  computers  (EDVAC,  UNIVAC  1),  an  acoustic  delay 
line  was  used  for  high-speed  storage.  In  this  system  a  long  tube  of  mercury  has  two 
transducers  Inserted  at  each  end:  one  a  transmitter  and  the  other  a  receiver.  A  burst 
of  ultrasonic  energy  Is  Introduced  at  one  end,  and  this  pulse  travels  through  the  tube 
at  the  speed  of  sound  In  mercury  (1.45  x  10"  cm  per  second),  and  a  delay  of  known 
magnitude  Is  Introduced.  At  the  end  of  the  tube,  the  pressure  wave  Is  picked  up, 
amplified/  and  re  Introduced  to  the  transmitter.  This  recirculating  memory  was  found  to 
be  rather  Inefficient  because  of  Its  long  access  time  (100  microseconds),  Its  vola¬ 
tility,  and  Its  large  size.  Magnetostrtctlve  delay  lines  using  nickel  alloy  wire  are  also 
used. 


6.  Other  Memory  Devices 

Some  additional  memory  schemes  have  been  developed  recently,  Includ¬ 
ing  the  magnetic  film  memory  (similar  to  the  magnetic  core),  diode-capacitive  memory, 
and  electrostatic  tube  memory.  Both  the  magnetic  film  and  the  diode-capacitive 
methods  promise  high  density  and  fast  access  time. 

III.  Operation 

A.  Programming 

The  digital  computer  cannot  think,  It  knows  nothing  more  than  what  It  Is  told 
and  It  will  do  nothing  more  than  what  It  Is  Instructed,  It  cannot  anticipate  and  It  can¬ 
not  surmise.  It  cannot  use  partial  Information  to  achieve  a  complete  solution,  except 
by  statistical  guessing,  and  the  method  used  In  the  guessing  must  be  spelled  out  In 
minute  detail.  Asa  result  of  these  limitations,  one  of  the  major  areas  of  Interest  In 
automatic  data  processing  Is  the  conveying  of  Information  and  techniques  from  the  hu¬ 
man  language  to  that  of  the  computer.  This  Is  the  task  of  the  programmer, 

I .  Machine  Language  Code 

The  program  prepared  by  the  programmer  for  the  computer  must  be  Intel¬ 
ligible  to  the  computer,  As  discussed  before,  the  computer  basically  Is  sensitive  only 
to  binary  language:  the  language  of  off-on,  1-0,  yes-no.  Either  the  programmer  must 
be  able  to  write  In  binary  or  else  a  translation  program  must  precede  the  actual  compu¬ 
tation  process  of  the  computer,  Computer  programs  often  may  be  composed  of  symbology 
based  on  the  alphabet  and  the  decimal  system,  which  the  computer  Interprets.  Other 
machines  require  an  all  numeric  input,  while  others  require  that  the  Input  be  In  binary 
form  from  the  start. 

The  program  written  for  the  computer  consists  of  statements  (data  state¬ 
ments  such  as  A  =  1)  and  commands  (equations  like  D  =  -  4AC;  find  D).  Without 
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previously  Instructing  the  computer  how  to  handle  a  command  written  out  as  a  complete 
equation,  the  command  must  be  broken  down  Into  simple  distinct  steps,  with  each  step 
employing  one  arithmetic  operation  (addition,  multiplication,  etc).  As  well  as  being 
able  to  follow  these  simple  commands  in  order,  one-by-one,  the  computer  can  also  be 
Instructed  to  jump  from  one  set  of  steps  to  another,  depending  on  the  results  obtained 
after  the  first  set  of  Instructions.  Thus  the  computer  can  examine  an  answer  tt  has  cal¬ 
culated,  compare  the  answer  with  some  other  quantity  stored  in  the  computer  memo'-y, 
and  modify  Its  next  step  If  the  calculated  answer  is  greater  thun  the  stored  number.  By 
writing  the  computer  program  In  such  a  manner,  the  computer  can  repeatedly  perform 
an  operation  over  and  over  again  until  the  desired  number  of  operations  has  been  done, 
or  until  a  desired  accuracy  has  been  obtained. 

To  program  a  computer  to  perform  any  arithmetical  process,  a  knowledge 
of  the  computer  code  it  necessary.  On  a  large  scale  computer,  about  50  operations 
are  wired  permanently  In  the  computer  at  part  of  the  normal  functions  the  computer  can 
perform.  These  instructions  can  be  broken  down  Into  four  categories:  Input/output, 
arithmetic,  data  handling,  and  decision  and  control . 

The  Input/output  Instructions  provide  for  data  entering  the  computer  by 
way  of  one  of  the  input  devices  and  leaving  the  computer  to  be  received  by  the  output 
devices.  These  Instructions  are  concerned  with  tape  movement  and  readln/readout, 
typewriter  prlntin/printout,  on-line  printer  printout  and  paper  advance,  and  punched 
paper  tape  readln/readout. 

The  arithmetic  instructions  Include  addition,  subtraction,  multiplication, 
division,  and  comparison  for  equality  (a  subtraction  process).  Some  machines  have 
provisions  for  performing  these  arithmetic  operations  by  either  decimal  or  binary 
methods. 


Data-handling  instructions  include  the  transfer  of  information  into,  out 
of,  and  between  locations  of  the  high  speed  memory,  the  shift  right  and  left  in  memory 
locations,  and  the  search  for  specific  data  in  input  Information  located  on  magnetic 
tape  or  punched  tape . 

The  decision  and  control  instructions  include  stop  and  start  instructions, 
the  transfer  of  programs  for  subroutine  entry,  and  the  temporary  transfer  to  another  pro¬ 
gram  or  to  tnput/output  tasks  In  the  middle  of  a  computer  computation  cycle. 

Each  computer  has  a  definite  format  for  the  writing  of  an  instruction, 
which  depends  on  the  Internal  logic  of  the  computer.  An  Instruction  consists  of  two 
parts:  the  operation,  and  the  memory  address  or  location  of  the  data  on  which  the 
operation  is  performed  or  stored.  Some  machines  require  more  than  one  address,  speci¬ 
fying  not  only  where  the  data  aro  stored,  but  where  the  answer  to  the  computation  is  to 
be  sent.  Machines  therefore  are  classified  as  one-,  two-,  three-,  or  four-address 
instruction  format  computers. 
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In  a  four-address  format;  one  address  specifies  one  operand  in  the  com¬ 
putation  (the  addend;  minuend;  multiplicand,  or  dividend),  the  next  address  specifies 
the  second  operand  (the  augend,  subtrahend,  multiplier,  or  divisor),  the  third  address 
instructs  where  the  result  of  the  computation  should  be  stored,  and  the  fourth  address 
informs  the  machine  which  instruction  to  perform  next.  Thus  an  Instruction  might  be  of 
the  form  shown  on  figure  127(A). 


(A)  FOUR-ADDRESS  FORMAT 

<B)  THREE-ADDRESS  FORMAT 

(CJ  TWO-ADDRESS  FORMAT 

(0)  ONE-ADDRESS  FORMAT 


Figure  127.  Computer  Instruction  Address  Formats 

The  fourth  address  Is  eliminated  by  having  an  addfris  counter  In  the  com¬ 
puter  and  specifying  that  the  next  instruction  will  always  be  located  in  the  following 
memory  location;  e.g.,  If  the  first  Instruction  Is  stored  In  memory  location  00001,  the 
next  Instruction  will  be  found  In  00002.  (See  figure  127(B).)  With  this  arrangement, 
a  special  conditional  |ump  Instruction  must  be  Included  If  sequential  operation  Is  not 
desired  (as  in  an  Iterative  numerical  calculation). 


An  instruction  is  reduced  to  two  addresses  by  eliminating  the  third 
address,  the  location  where  the  result  is  to  be  sent.  Instead,  a  permanent  result 
register,  called  the  accumulator,  Is  provided,  and  all  results  are  automatically  put  Into 
the  accumulator.  (See  figure  127(C).)  An  additional  Instruction  transferring  the  con¬ 
tents  of  the  accumulator  to  a  memory  location  li  required  In  the  two-address  instruction 
format . 

In  the  one-address  instruction,  the  accumulator  is  used  not  only  for  the 
result,  but  also  for  the  second  operand.  For  example,  In  a  problem  In  addition,  the 
augend  ti  put  In  the  accumulator  (a  transfer  instruction),  the  addend  is  added  to  the 
accumulator  and  the  sum  put  in  the  accumulator,  and  then  the  sum  Is  transferred  from 
the  accumulator  to  the  desired  memory  location. 
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The  number  of  addresses  specified  in  the  instruction  determines  the  num¬ 
ber  of  Instruction  steps  necessary  to  perform  a  given  operation.  The  fewer  addresses 
lhat  ore  specified,  the  more  steps  that  are  necessary;  with  an  abbreviated  instruction, 
however,  smaller  computer  words  are  used,  requiring  a  smaller  number  of  bits  per  mem¬ 
ory  iocations,  and  allowing  more  word  storage  for  a  given  memory  size.  The  ultimate 
choice  depends  on  the  type  of  problems  expected  to  be  encountered  and  the  relative 
cost  of  memory  and  accumulator  hardware. 

Figure  128  Illustrates  a  sample  program  fora  hypothetical  computer.  A 
three-address  machine  Is  used  and  a  simple  calculation  Involving  subtraction  and  mul¬ 
tiplication  Is  performed.  The  memory  locations  are  specified  In  decimal  notation, 
although  octal  notation  Is  usual  In  computer  programming.  Each  memory  location  can 
store  an  8  (decimal)  digital  number. 

Twelve  memory  locations  (00  through  11)  are  used  to  perform  the  opera¬ 
tion  of  forming  B2  -  4AC .  (Less  could  be  used  since  both  B  and  4  have  the  same  value 
and  one  memory  location  for  the  storage  of  "4"  would  suffice.)  The  necessary  opera¬ 
tion  instructions  are  loaded  Into  locations  00  through  05;  06  and  07  ore  assigned  to 
carry  results,  both  Interim  and  final;  and  08  through  11  are  loaded  with  the  constant 
values  Involved  in  the  computation.  After  the  computer  Is  started  (manually)  with  the 
instruction  in  location  address  00,  the  remaining  operations  take  place,  In  sequence, 
automatically.  The  content  of  memory  location  08  (A)  is  multiplied  by  the  content  of 
memory  location  09  (C).  The  product  Is  put  Into  location  07,  which  was  deliberately 
left  empty  for  this  purpose.  The  product  AC  in  07  then  Is  multiplied  by  the  content  of 
location  10  (the  constant  4).  This  product,  4AC,  Is  put  back  into  location  07.  (When 
a  new  number  Is  placed  Into  a  memory  location,  any  previous  number  Is  erased,  leaving 
a  clear  location  for  the  new  data.)  The  quantity.  B  Is  squared  by  multiplying  the  con¬ 
tent  of  memory  location  1 1  by  Itself,  and  the  product  Is  put  In  empty  location  06.  The 
content  of  location  07  is  subtracted  from  the  contents  of  06,  providing  the  desired 
quantity,  which  is  stored  in  iocatlon  07.  The  computer  then  stops.  The  content  of  lo¬ 
cation  07  (the  answer  of  the  calculation)  can  be  printed  out  wirh  an  appropriate 
Instruction. 


It  may  be  noticed  that  memory  locations  00  to  05  contain  instructions, 
while  locations  08  to  11  contain  input  data.  The  data  statements  are  treated  as  a 
single  8  digit  number  (thus  location  09  contents  Is  00000002)  with  no  significance 
associated  with  the  operation,  a  ,  0  ,  or  y  column.  However,  as  far  as  their  gen¬ 
eral  form  Is  concerned,  the  two  types  of  notation  are  Identical,  both  consisting  of  8 
decimal  digits.  Extreme  care  is  necessary  In  the  writing  and  transcribing  of  a  computer 
program,  because,  If  by  accident  an  Instruction  were  treated  as  a  data  element  or  a 
data  element  treated  as  an  instruction,  the  computer  could  not  detect  the  difference, 
and  the  machine  would  either  provide  an  erroneous  result,  go  Into  a  repeating  cycle, 
or  stop.  In  any  case,  the  program  would  have  to  be  examined  carefully  to  determine 
where  the  mistake  was  made,  a  task  which  can  take  many  hours  or  days,  depending 
upon  the  complexity  of  the  problem. 
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Problem:  Find  D  =  -  4AC. 

B  -  4 

A  =  1 

C=  2 

INSTRUCTION  TABLE 

Code 

Operation 

Meaning 

00 

START 

Go  to  next  Instruction. 

01 

ADD* 

Add  (a  )  to  ( /S  );  put  sum  In  y  ,** 

H  ' 

SUBTRACT 

Subtract  (a  )  from  ( f3);  put  difference  In  y  . 

■b* 

MULTIPLY 

Multiply  ( a  )  by  ( /3  );  put  product  In  y  . 

04 

STOP 

Stop  computer. 

PROGRAM 

Location 

Instruction 

Address 

Operation 

Code 

«  £  r 

Remarks 

00 

00 

00  00  00 

Start  (MANUAL). 

01 

03 

08  09  07 

Multiply  A  by  C. 

02 

03 

07  10  07 

Multiply  AC  by  4. 

03 

03 

11  11  06 

Square  B. 

04 

02 

07  06  07 

Form  D, 

05 

04 

00  00  00 

Stop  (AUTOMATIC). 

06 

00 

00  00  00 

07 

00 

00  00  00 

08 

00 

00  00  01 

Constant  A. 

09 

00 

00  00  02 

Constant  C. 

10 

00 

00  00  04 

Constant  4, 

11 

00 

00  00  04 

Constant  £. 

*The  ADD  operation  Is  not  used  In  this  sample  problem. 

**(a  )  means  the  contents  of  address  a  . 

Figure  128.  Sample  Program  for  a  Hypothetical  Computer 
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2.  Algorithm  Computer  Code 

The  previous  discussion  concerned  a  computer  program  written  In  a  form 
relatively  basic  to  the  computer,  Each  Instruction  was  In  digital  form,  the  addresses 
for  the  computer  were  specified,  and  the  actual  step-by-step  program  was  detailed. 
For  this  type  of  programming  to  be  effective,  the  programmer  must  know  the  computer 
construction  so  that  he  may  assign  the  proper  memory  locations,  perform  the  logical 
steps  for  which  the  computer  was  designed  to  perform,  and  effect  readln  and  readout  of 
data  and  results.  If  all  programmers  needed  this  knowledge,  the  number  of  programmers 
would  be  limited  severely.  To  make  the  computer  facility  available  to  the  scientist 
who  Is  not  a  full-time  programmer,  but  wants  to  use  the  computer  on  a  frequent  sched¬ 
ule,  a  special  method  of  computer  programming  has  been  devised, 

Certain  computer  programs,  known  as  algorithm  statement  programs,  have 
been  formulated  to  decrease  the  difficulty  Involved  in  computer  programming.  In  these 
programs,  word  abbreviations  or  symbols  familiar  from  arithmetic  notation  are  used  In 
place  of  the  abstract  digital  commands  which  the  computer  readily  understands.  Instead 
of  using  the  symbol  of  01  to  indicate  an  addition  process  (at  was  specified  in  the  sample 
program),  the  word  ADD  or  the  symbol  +  ts  used  with  the  appropriate  letters  standing 
directly  for  the  quantities  to  be  added  at  opposed  to  the  memory  locations  where  the 
data  are  stored.  The  FORTRAN  programs  (FORmula  TRANslation)  prepared  for  the  RCA 
computers  use  words  and  symbols  like  +,  SQRTF  (square  root),  and  parentheses  to  set 
apart  each  quantity.  Thus,  an  addition  and  square  root  statement  would  read: 

SQRTF  (A  +  B) 

A  typical  FORTRAN  program  Is  shown  In  figure  129, 

International  standardization  of  a  symbolic  program  code  has  been 
attempted,  with  ALGOL  (ALGOrlthmlc  Language)  evolving.  In  this  symbology,  most 
of  the  arithmetic  steps  use  symbols,  such  as  +,  -,  X,  and  /.  Thus  a  statement  of  the 
sample  problem  shown  In  figure  129  would  be: 

)A:-1;B:-4}C j“2;D:»(+nf  2  \  -4XAXC);sto p; 

The  semicolons  and  colons  are  usad  to  separate  the  factors  In  the  program  statement. 
The  arrows  indicate  that  2  Is  the  exponent  of  B.  This  Is  the  entire  program,  and  the 
computer  then  would  read  In  the  Information,  make  appropriate  memory  assignments 
automatically,  perform  the  calculation,  and  stop.  Once  a  given  program  Is  written 
for  one  computer,  the  program  is  usable  for  all  computers  and  thus  duplicate  program¬ 
ming  is  eliminated.  Of  course,  a  translating  compiler  program  must  be  written  for  each 
manufacturer's  computer  that  would  translate  the  ALGOL  statements  into  the  digital 
statements  understandable  to  the  computer.  In  addition,  this  compiler  routine  auto¬ 
matically  sets  up  the  memory  assignments,  effects  all  necessary  transfers,  and  arranges 
Input/output  formats. 
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•JOB 

SAMPLE  FORTRAN  PROBLEM 

•EXECUTE 

•COMPILE 

READ  01,  A,  B,  C 

01 

FORMAT  (3E5.0) 

D  *  B**2  -  4*A*C 

PRINT  02,  D 

02 

FORMAT  (IE  15. 5) 

STOP 

•DATA 

1.000 

4.000  2.000 

•END  FILE 

Notei  The  format  Identification  (e.g.#3E5.0)  defines  the 
numbers  that  must  be  loaded  In  or  printed  out  of  the 
computer  —  how  many  numbers,  how  many  digits  In 
each,  and  where  to  locate  the  decimal . 

Figure  129.  Sample  FORTRAN  Program 

Presently,  most  manufacturers  Issue  scientific  program  compilers  with 
their  computers.  In  addition,  another  typo  of  compiler  tranilator,  Incorporating  arith¬ 
metic  and  preceding  functions  more  unique  to  the  business  use  of  the  computer,  has 
been  written.  This  compiler  program,  COBOL  (COmmon  Business  Oriented  Language), 
was  designed  under  Department  of  Defense  auspices  as  the  common  language  for  data- 
processlng  by  computers.  It  functions  In  a  manner  similar  to  ALGOL  and  FORTRAN. 

B.  Computer  Operation 

The  steps  necessary  for  operating  the  computer,  once  the  program  has  been 
written,  depend  largely  on  the  type  of  computer  and  the  peripheral  equipment  avail¬ 
able  at  the  facility.  The  data  and  the  program  must  be  transcribed  Into  a  usable  com¬ 
puter  form.  Punched  cards  often  are  used,  as  Is  punched  paper  tape.  Some  facilities 
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have  provisions  for  entering  the  Information  directly  onto  magnetic  tope  by  means  of  a 
magnetic  tape  writer4 .  If  a  punched  card  system  Is  used,  the  contents  of  the  cards  are 
either  transferred  to  magnetic  tape  or  used  as  the  Input  medium  Itself.  (Magnetic  tape 
of  punched  tape  may  be  used  directly.)  The  taf  %  Is  mounted  upon  a  tape  station  or 
tape  reader,  or  the  punched  card  reader  Is  loade;  with  the  .program  and  datacards. 
The  computer  Is  set  up  to  receive  the  Input  data  from  the  appropriate  Input  device  and 
then  Is  started.  . 

The  data  are  read  Into  the  memory  of  the  computer  (this  phase  Is  called 
loading  the  memory),  the  first  program  Instruction  enters  the  control  regUtir,  and  the 
computer  starts  computing.  Depending  on  the  program,  the  results  of  the  computation 
are  either  stored  In  the  memory  for  readout  all  at  one  time  or  the  results  are  read  out  as 
they  are  obtained.  The  readout  Is  either  on  magnetic  tape,  on  a  high-speed  on-line 
printer,  or  on  a  paper  tape  puncher.  M 

If  the  output  device  Is  magnetic  tape)  the  data  then  are  transcribed,  at 
some  later  convenient  time,  by  a  Card  transcriber  M.  gj^,Vf-Upt;:h|gh*^llii.d,''p'rlntf'r. . 
The  punched  tape  also  might  be  transcribed  by  a  high-speed  printer. 

If  a  compiler  translation  program'  Is  used,  or  If  any  subroutine  Is  called' 
for  In  the  computer  program,  the  program,  stored  ,  on  magnetic  .  tripe  or  punched  , Cards, 
must  be  obtained  from  the  library  of  programs  at  the  facility  and  be  mounted  upon  a 
tape  station  or  put  In  a  card  reader,  so  that  It  Is  available  when  called  for  by  the. 
computer.  ' 

M  ‘  ’  1  . 

ANALOG  COMPUTERS 
1 .  Components 

The  elements  composing  an  electronic  analog  computer  are  the  operational  ampli¬ 
fiers  (which  are  connected  together  to  do  the  computing),  the  Input  devices  (which 
Introduce  the  constants  and  variables  for  the  computation),  the  output  devices  (which 
display  or  use  the  computed  results),  and  special  devices  (which  perform  nonlinear 
computations) . 

Basic  analog  computations  may  be  performed  without  operational  amplifiers  or 
special  devices.  Simple  analog  addition  Is  possible  with  a  resistance  network.  Figure 
130  shows  such  a  circuit  where  the  voltage  across  the  output  resistor  R4  Is  the  linear 
sum  of  the  voltages  across  R] ,  R2,  and  R3.  Similarly,  simple  I  n  teg  rat  1  ng  networks, 
discussed  previously  In  Section  II,  may  be  composed  of  a  resistance-capacitance  cir¬ 
cuit.  The  charge  and  thereby  the  voltage  across  C]  (shown  in  figure  130)  Is  the  time 
Integral  of  the  charge  or  voltage  supplied  to  the  capacitor  through  R5.  These  simple 

*Remington  Rand  UNITYPER,  for  example 
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Figure  130.  Bade  Analog  Computing  Circuit* 

circuit*  do  not  suffice  for  accurate  computation*  became,  without  amplification,  the 
losses  introduced  by  the  Imperfect  resistance  and  capacitance  component*  result  In 
inaccuracies. 

A.  Operational  Amplifiers 

The  operational  amplifier  (discussed  in  Section  II)  Is  the  nucleus  of  the  analog 
computer;  it  can  Integrate,  add,  scale,  multiply  by  a  constant,  and  invert.  It  must  be 
a  carefully  designed,  highly  stable  electronic  circuit,  because  the  computer  is  only  as 
accurate  as  the  amplifiers  it  employs. 

The  operational  amplifier  is  a  very  high  gain  d-c  bipolarity  output  device 
with  exceptionally  low-drift  and  wide  frequency  response  characteristics.  Open  loop 
gains  of  10®  are  typical .  The  bandwidth  of  one  commercial  device*  Is  1000  kc  at  the 
half-power  points.  Phase  shift  between  the  input  and  output  is  only  0.05°  at  100 
cycles  per  second. 

The  outputs  for  operational  amplifiers  range  from  ±50  volt*  dc  to  ±100  volts 
dc.  For  a  positive  d-c  voltage  at  the  input,  a  -100-volt  maximum  output  may  be  ob¬ 
tained,  while  a  negative  d-c  Input  provides  a  positive  output  voltage.  Thus,  an  oper¬ 
ational  amplifier  is  basically  an  inverting  amplifier.  The  actual  gain  of  the  amplifier 
is  not  10®.  This  figure  is  the  open  loop  gain,  which  Is  the  gain  achievable  with  no 
output  load  and  no  feedback  connection  in  the  amplifier  circuit.  However,  there  is 
output  loading  and,  most  important  to  the  operation  of  the  amplifier  as  a  computing 
device,  there  is  a  feedback  connection. 


Figure  131  shows  the  three  connections  used  with  the  operational  amplifier. 
The  first  connection  is  a  straight  amplifier  connection,  with  the  amplification  factor 
equal  to  the  ratio  of  the  feedback  resistor  to  the  input  resistor.  This  connection  may 
be  used  to  multiply  the  Input  voltage  by  a  constant  (the  feedbaek-to-input-resistance 


*Donner  3200  series  amplifier,  Systron-Donner  Corporation,  Concord,  California 
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Figure  131 .  Operational  Amplifier  Connection!  for  Analog  Computer  Operation! 

ratio).  If  the  two  reilitori  are  equal#  the  amplifier  perform!  a  unit  Inveriion.  If  the 
feedback  reititor  ti  smaller  than  the  Input  resistor,  the  Input  is  divtded  by  a  conitant. 

If  more  than  one  Input  is  used,  at  shown  In  figure  131,  then  each  Input  Is 
multiplied  by  the  ratio  of  the  feedback  resistor  to  the  Individual  Input  resistor,  and  the 
output  of  the  amplifier  is  the  sum  of  the  Inputs.  Generally,  there  is  provision  for  no 
more  than  five  inputs  per  amplifier,  (Two  or  more  adders  may  be  connected  In  tandem 
for  more  Inputs.) 

The  third  connection  shown  Is  an  Integrating  operational  amplifier  configura¬ 
tion.  The  feedback  Impedance  Is  a  capacitor,  and  the  input  impedance  a  resistor.  It 
can  be  shown  that  the  ratio  of  the  feedback  Impedance  (l/2irfC)  to  the  Input  impedance 
(R)  represents  an  Integration  conitant  multiplying  the  Input  voltage.  The  resistor- 
capacitor  combination  Is  a  time  constant  circuit  of  value  RC.  The  Integration  Is  being 
performed  with  respect  to  time,  so  that  the  expression  for  the  output  voltage  Is: 

t 

e0  =  K  y*  ejdt 
o 

(where  K  =  1/llC)  or,  expressed  In  another  way,  the  output  voltage  Is  the  time  Integral 
of  the  Input  voltage.  By  changing  the  resistance -capacitance  product,  the  time  factor 
ts  changed  and  thus  the  time  during  which  accurate  Integration  occurs  may  be  varied. 
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By  Interconnecting  theie  various  configurations  of  operational  amplifiers  and 
including  various  sealing  potentiometers,  a  problem  to  be  computed  Is  said  to  be  mech¬ 
anized.  Basically  the  analog  computer  is  the  logical  and  systematic  interconnection  of 
these  amplifiers  In  conjunction  with  various  Input  and  output  devices  so  as  to  simulate 
the  behavior  of  the  teal  system  under  study. 

B.  Input  Devices 

The  analog  computer  may  be  used  to  modify  or  compute  mathematical  func¬ 
tions  of  experimental  or  design  data.  In  on-line  applications,  where  the  computation 
is  being  performed  at  the  Instant  it  is  received  from  the  monitoring  channel,  the  Input 
data  may  be  the  output  of  a  telemetering  system.  Off-line  applications  use  recorded 
data  from  experimental  runs. 

1 .  On-Line  Information  Devices 

The  data  received  from  on-line  monitoring  applications  must  be  in  a  form 
compatible  with  the  Input  requirements  of  the  computer.  These  compatibility  require¬ 
ments  include:  (1)  voltage  amplitudes  of  lest  than  100  volts,  (2)  frequency  variations 
within  the  response  range  of  the  computer,  and  (3)  freedom  from  noise  and  a-c  pickup. 
Attenuation  of  the  signal  can  correct  excessive  amplitudes.  If  the  frequencies  of 
Interest  are  below  10  cycles  per  second,  filtering  can  remove  high-frequency  varia¬ 
tions  in  the  signal.  Good  grounding  procedures  often  eliminqte  excesstvo  noise  and 
hum  in  the  Input  level .  No  particular  Input  oqulpment  It  associated  with  on-line  con¬ 
nections,  except  for  an  Impedance-matching  network  that  may  be  required  to  match 
the  input  line  to  the  computer  input  terminals. 

2.  Recorded  Information  Transcription  Devices 

Recorded  Information  may  be  available  either  on  paper  strip  recorders  or 
on  magnetic  tape.  If  the  data  are  on  magnetic  tape,  the  output  of  the  tape  playback 
must  have  the  same  characteristics  as  for  on-line  computation.  If  the  data  are  con¬ 
tained  on  a  paper  graph,  some  means  must  be  used  to  transform  the  paper  record  to  a 
voltage  output,  so  that  the  Information  may  be  used  with  the  computer.  Transcribing 
devices  that  follow  variations  in  graphical  information,  described  under  "Input  Devices 
for  Digital  Computers"  in  this  section,  allow  this  transformation  to  be  performed.  How¬ 
ever,  the  outputs  of  these  devices  are  not  digitized;  instead,  the  continuous  voltage  is 
used  as  the  analog  computer  input.  The  same  restrictions  listed  above  apply. 

3.  Dlgltal-to-Analog  Converters 

If  the  information  input  to  the  analog  computer  is  obtained  from  a  digital 
system  or  from  a  telemetry  system,  the  information  often  is  in  a  digitally  coded  form, 
and  a  digltal-to-analog  conversion  step  must  precede  the  entry  of  the  information  into 
the  computer. 
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There  are  different  method*  of  digital -to-analog  conversion;  the  choice 
of  method*  depend*  upon  the  accuracy  and  speed  of  conversion  needed  and  the  cost. 
The  following  are  three  methods,  two  of  which  are  somewhat  alike.  The  amount  of 
equipment  Involved  In  the  second  and  third  methods  Is  small  compared  to  the  first. 


a .  Feedback  Method  of  Conversion 

l 

The  feedback  method  of  conversion  Is  the  reverie  of  the  analog-fo- 
digltal  method  described  In  the  discussion  of  digital  computers.  As  shown  In  figure 
132,  the  digital  Input  data  are  compared  with  the  output  of  a  voltage  generator  through 
an  a  nalog-to -digital  converter.  If  the  two  Inputs  are  Identical  In  the  comparison  cir¬ 
cuit,  the  output  of  the  voltage  generator  Is  equal  to  the  digital  value  of  the  Input  data. 
A  difference  In  the  two  voltages  results  In  an  error  voltage  output  from  the  comparison 
circuit,  which,  In  turn,  varies  the  output  of  the  voltage  generator  to  minimize  the 
error  signal . 


DIQITAL 

INPUT 


ANALOO 

OUTPUT 


Figure  132.  Feedback  Method  of  Dlgltal-to-Analog  Conversion 
b .  Constant  Current  Summation  Method 

In  this  method,  the  Input  data  are  used  to  turn  on  or  off  a  series  of 
constant  current  output  flip-flops  (one  flip-flop  per  Input  bit),  as  shown  In  figure 
133(A).  The  values  of  the  resistance  network  between  the  flip-flop  outputs  and  the 
converter  output  are  chosen  so  that  the  current  contributed  by  each  "on”  flip-flop  will 
be  such  as  to  make  the  output  voltage  proportional  to  the  value  of  the  digital  number 
at  the  Input. 


c.  Constant  Voltage  Source  Conversion 

This  method  Is  similar  to  the  constant  current  model:  the  values  of 
the  resistors  In  the  output  circuit  are  selected  according  to  the  digital  worth  each 
switch  possesses  (see  figure  133(B)).  The  output  voltage  Is  the  sum  of  the  Individual 
voltage  drops  across  each  resistor,  and,  therefore,  the  analog  output  voltage  Is  equiva¬ 
lent  In  value  to  the  digital  number  at  the  Input  of  the  converter. 
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Figure  133.  Dlgltal-to-Anoiog  Converters 
C .  Output  Device* 

Thi  output  devices  uifd  with  the  analog  computer  must  transcribe  the  voltage 
variation*  of  the  output  Into  a  form  uiabte  by  th*  computer  user.  The  method  used  de¬ 
pend*  upon  whether  the  computer  ttudy  being  made  I*  an  on-line  or  off-line  operation. 

1 .  Control  Syttemt 

When  the  analog  computer  It  used  In  an  on-line  application,  a*  In  a 
proceit  control,  the  output  voltage  variation  often  It  uted  to  operate  a  control  element 
In  the  tystem.  For  example,  In  a  phyttologleal  tupport  tyttem  where  the  computer  out¬ 
put  it  proportional  to  the  flow  of  oxygen  Into  the  tubject't  environment,  the  pretture 
at  which  the  oxygen  enter!  the  tyttem  It  controlled  by  the  computer  output  by  meant  of 
electrically  operated  valves  and  pumps  driven  by  the  computer. 

2.  Recording  Application! 

For  off-line  computations  derived  from  on-line  data  Inputs,  the  results  of 
tho  computation  may  be  retained  by  recording  the  computer  output  voltages  on  either 
paper  graph  recorders  or  magnetic  tape  recorders.  These  recording  devices  are  dis¬ 
cussed  more  fully  In  Sections  III  and  IV. 
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3.  Oscilloscope  and  Other  Visual  Readout  Devices 

If  no  permanent  record  of  the  computation  is  necessary,  the  computer 
output  may  be  observed  on  an  oscilloscope  connected  to  the  computer.  This  transitory 
method  of  viewing  the  computer  output  may  suffice  for  Initial  alignment  and  calibration 
of  the  computer.  After  this  point,  a  permanent  recording  of  the  actual  computation 
may  be  desired. 

D.  Special  Devices 
1.  Multipliers 

In  mechanizing  various  equations  and  functions  on  the  analog  computer, 
two  variables  often  must  be  multiplied.  The  operational  amplifiers  of  the  analog  com¬ 
puter  are  Inadequate  In  this  respect;  various  schemes  have  been  devised  to  overcome 
this  shortcoming. 

Servo  multipliers  often  are  used  to  multiply.  The  position  of  a  wiper  arm 
on  a  potentiometer  is  proportional  to  a  function  of  one  variable,  while  the  voltage 
across  the  ends  of  the  potentiometer  Is  proportional  to  the  second  variable.  If  either 
or  both  the  wiper  arm  position  or  the  voltage  across  the  potentiometer  vary,  the  output 
of  the  circuit  across  the  wiper  arm  will  vary,  since  it  Is  proportional  to  the  product  of 
the  two  variables.  Figure  134  Illustrates  a  servo  multiplier  with  provisions  only  for  the 
multiplication  of  two  positive  numbers.  Using  additional  power  supplies,  the  device 
may  be  made  to  multiply  both  positive  and  negative  quantities  (to  called  four-quadrant 
multiplication).  The  position  of  the  wiper  arm  ts  controlled  by  a  servo-motor,  whose 
angular  position  Is  proportional  to  one  variable.  The  motor  has  tome  Inertia  and  the 
wiper  arm  of  the  potentiometer  has  tome  friction,  limiting  the  speed  of  the  servo  sys¬ 
tem  to  respond  to  a  change  in  one  quantity.  Frequency  variations  of  about  15  cycles 
per  second  are  the  maximum  most  of  these  units  can  follow  with  sufficient  fidelity. 
The  potentiometer  also  Is  limited  in  Its  accuracy  because  of  loading  by  following 
stages.  High  Input  Impedance  operational  amplifiers  minimize  this  effect. 
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Figure  134.  Servo  Multiplier 


236 


ANALOG  COMPUTERS 


A  second  type  of  multiplier  commonly  used  it  the  time  division  electronic 
multiplier.  In  this  device,  the  multiplication  function  depends  on  the  fact  that  the 
average  value  of  a  pulse  is  proportional  to  both  the  amplitude  of  the  pulse  and  the  duty 
cycle  of  the  pulse,  i.e.,  the  ratio  of  the  duration  of  the  pul'e  to  the  period  of  the 
pulse  train.  The  multiplier  controls  the  amplitude  of  the  pulse  train,  the  multiplicand 
controls  the  duration  of  the  pulse, and  the  average  value  Is  proportional  to  the  product. 
As  long  as  the  switching  rate  of  the  generator  creating  the  pulses  Is  much  faster  than 
the  variation  Indie  input  signals,  there  may  be  as  little  as  0.01  percent  error  in  this 
electronic  multiplier.  The  device  uses  no  mechanical  action  to  limit  the  response  to 
high  frequencies,  allowing  inputs  to  vary  as  much  as  2000  times  per  second. 

A  third  type  of  multiplier  is  the  quarter  squares  multiplier,  which  is  based 
on  the  mathematical  relationship] 

P  ■  xy  *  1/4  -  (x-y)^  j  . 

Since  operational  amplifiers  can  add  and  subtract  quantities,  the  only  problem  in 
mechanizing  this  equation  is  the  squaring  function  required.  By  using  a  biased  diode 
function  generator  (see  below),  the  squaring  process  is  obtained  easily  and  the  quarter 
square  multiplier  is  mechanized.  It  has  practically  an  unlimited  frequency  response 
and  an  accuraoy  of  better  than  0. 1  percent. 

A  fourth  type,  the  log-antllog  method  of  multiplying,  is  based  on  the 
fact  that  the  sum  of  the  logarithms  of  two  numbers  1s  the  logarithm  of  the  product  of  the 
numbers.  In  this  device  (shown  in  figure  135),  the  logarithms  of  the  multiplier  and 
multiplicand  are  generated  using  diode  function  generators  (the  voltage-current  rela¬ 
tionship  of  a  diode  is  a  very  good  approximation  of  a  logarithmic  response  over  a  small 
range).  The  two  logarithms  are  added  with  the  aid  of  an  operational  amplifier,  and 
then  the  antilog  of  the  sum  is  derived,  supplying  the  desired  product. 

There  are  other  types  of  multipliers,  but  most  of  these  have  either  accu¬ 
racy  or  frequency  limitations.  The  four  described  above  are  the  most  generally  used. 


Figure  135.  Log-Antilog  Multiplier 
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2.  Function  Generators 

A  function  generator  Is  used  to  generate  a  voltage  waveform  that  cannot 
be  formed  using  only  operational  amplifiers  and  multipliers.  Typical  functions  include 
the  square  of  a  variable,  the  square  root,  the  logarithm,  and  the  exponential.  There 
are  many  types  of  function  generators  used  with  the  analog  computer.  Depending  upon 
the  form  In  which  the  function  Is  available,  the  method  of  generating  an  electrical 
signal  equal  to  the  function  to  be  generated  can  range  from  simple  manual  plotting  on 
a  resistance  paper  to  line  approximations  using  biased  diodes. 

The  usual  method  of  simulating  a  nonlinear  function  is  by  approximating 
the  voltage  profile  with  straight  line  segments.  Figure  136(A)  Illustrates  an  example  of 
this  approximation.  A  parabolic  function  (y  =  x^)  Is  generated  with  the  use  of  diodes. 
The  diodes  are  arranged  In  a  circuit  In  such  a  way  that  both  the  slope  and  the  break¬ 
point  of  the  diode  can  be  adjusted.  Figure  137  shows  a  typical  circuit  for  the  adjust¬ 
ment  of  the  breakpoint  (the  voltage  at  which  the  diode  starts  to  conduct)  and  the  slope 
(the  change  In  output  voltage  per  change  In  Input)  (ref.  46).  Each  diode  has  a  conduc¬ 
tion  interval  used  for  one  of  the  straight  lines  In  the  approximation.  By  connecting  the 
diode  circuits  together,  as  shown  In  figure  138,  the  straight  line  segments  combine  to 
form  the  parabolic  function  conductance.  Actually,  the  gains  of  the  operational 
amplifiers  are  changed  as  each  diode  conducts  by  changing  the  value  of  the  Input  re¬ 
sistance.  Figure  136(B)  Is  the  straight  Itne  approximation  of  the  waveform,  using  seg¬ 
ments  formed  with  the  diode  function  generator. 


(A)  STRAIGHT  LINE  SEGMENT  PROFILE 


(8)  FUNCTION  GENERATOR  APPROXIMATION 


Figure  136.  Diode  Function  Generator  Operation 
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Figure  137.  Diode  Function  Generator  Circuit 

If  the  function  it  plotted  on  paper  or  Is  In  some  nonelectrical  form,  It 
often  Is  convenient  to  use  the  plotted  waveshape  to  generate  an  electrical  output  that 
follows  the  variations  In  the  function.  (Devices  discussed  under  digital  computer 
analog-to-dlgltal  converters  aid  In  this  transformation.) 

A  tapped  potentiometer  may  be  used  to  approximate  a  functional  rela¬ 
tionship  (see  figure  139).  By  forcing  the  voltages  at  each  tapped  point  to  be  a  value 
equal  to  the  power  supply  voltages,  the  function  is  approximated  by  straight  line  seg¬ 
ments.  Loading  effects  can  deteriorate  the  accuracy  of  waveshape  approximation. 


Figure  138.  Parabolic  Diode  Function  Generator 
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(A)  (B) 

TAPPED  POTENTIOMETER  CIRCUIT  FUNCTION  QENERATOR  OUTPUT 

Figure  139.  Tapped  Potentiometer  Function  Generator 

Plotted  values  of  the  function  alio  are  used  In  conjunction  with  a  photo* 
electric  tenting  system.  The  edge  of  an  opaque  pattern  copied  from  the  charted 
function  Is  traced  by  a  photoelectric  follower  system.  The  light  on  the  curved  edge 
may  be  supplied  either  from  On  ordinary  lamp  or  from  the  light  supplied  by  the  face  of  a 
cathode-ray  tube  whose  beam  Is  being  driven  by  a  voltage  proportional  to  the  variable. 

Various  switching  techniques  coupled  with  biased  diodes  permit  the 
Introduction  of  parameters  such  as  delay  and  hysteresis  into  an  Input  function.  Other 
nonlinear  techniques  Include  trigonometric  function  generation,  Including  tapered 
potentiometers  and  a-c  resolvers.  These  latter  methods,  however,  require  a  servo¬ 
motor  to  drive  either  the  potentiometer  or  resolver. 

3.  Power  Supplies 

The  internal  power  supplies  used  in  the  analog  computer  must  be  regu¬ 
lated  very  accurately  and  have  essentially  no  superimposed  noise  (ripple  or  spikes). 
These  power  supplies  are  used  to  Impose  the  initial  conditions  on  the  computing  circuits 
when  the  computer  Is  being  used  to  derive  solutions  of  differential  equations  and  to 
simulate  physical  systems.  The  power  output  requirement  for  these  supplies  Is  not  great, 
because  their  primary  task  Is  to  charge  a  capacitor  Initially,  after  which  the  supplies 
are  disconnected.  Generally,  there  are  potentiometers  associated  with  the  power  sup¬ 
plies  with  switches  so  that  the  voltage  needed  may  be  obtained  easily  without  addi¬ 
tional  patching  between  the  power  supply  output  and  the  potentiometer. 

II.  Operation 

A.  Interconnection  of  Components 

The  components  of  the  analog  computer,  the  operational  amplifiers,  resistors, 
capacitors,  potentiometers,  power  supplies,  function  generators,  relays,  and  diodes, 
usually  are  connected  together  by  a  system  of  patchcords.  With  this  system,  the  versa¬ 
tility  and  flexibility  of  the  computer  are  not  compromised  by  permanent  connections. 
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1 ,  Amplitude  Normalizing 

The  Input  and  output  ranges  of  most  operational  amplifiers  are  ±100  volts, 
as  noted  above.  If,  however,  a  50-volt  output  of  one  amplifier  must  be  multiplied  by 
a  factor  of  10  In  the  next  stage,  the  following  amplifier  stage  would  be  required  to 
handle  500  volts,  well  beyond  Its  capabilities.'  Therefore,  the  output  of  the  first  stage 
must  be  sealed  down  so  that  the  second  stage  does  not  overload.  Thus  the  50-volt  out¬ 
put  might  be  scaled  down  by  a  factor  of  10  to  5  volts,  and  then  multiplied  by  10  as 
required,  which  keeps  the  level  within  the  100-volt  maximum.  Of  course  to  obtain  the 
proper  result  In  the  output,  the  output  voltage  of  the  second  stage  must  be  considered 
to  be  1/10  of  the  actual  value  of  the  computed  variable. 

In  addition  to  scaling  down  a  quantity  to  avoid  overloading  a  stage,  a 
quantity  sometimes  must  be  multiplied  to  Improve  the  slgnal-to-nolse  figure  In  the  cal¬ 
culation.  Using  the  same  example  as  above,  If  the  output  of  one  stage  Is  at  a  50-volt 
level  and  the  next  mathematical  process  to  be  performed  Is  a  division  by  100,  the  sig¬ 
nal  level  then  would  be  reduced  to  1/2  volt.  While  the  computer  should  be  linear  and 
quiet  at  this  level,  it  Is  preferable  if  the  signal  were  more  In  the  midrange  of  the  100- 
volt  amplifier  scale.  Therefore,  Instead  of  dividing  by  100,  the  computer  would  divide 
only  by  10,  or  not  divide  at  all,  and  the  output  is  larger  than  the  actual  computed 
output  by  a  factor  of  10  or  100. 

2.  Time  Normalizing 

When  a  problem  Is  not  being  computed  on-line,  the  time  of  computation 
need  not  be  the  same  as  the  real  time  associated  with  the  problem.  A  computer  time  Is 
defined  (ref.  36)  In  some  multiple  or  fraction  of  the  time  of  the  problem  because  of  the 
following  reasons! 


a.  Short  runs  usually  have  high  frequencies,  restricting  the  accuracy 
obtained  with  multipliers  and  demanding  wide-band  amplifiers. 

b.  The  high  frequencies  associated  with  short  runs  may  not  be  able  to 
be  reproduced  adequately  on  the  output  recording  Instrument. 

c.  Short  runs  usually  require  higher  amplifier  gains. 

d.  Long  runs  Introduce  errors  in  Integration. 

e.  Long  runs  require  low  value  potentiometer  settings,  which  are  more 
liable  to  error. 

The  phase  shift  present  In  amplifiers  usually  Increases  with  frequency, 
setting  an  upper  limit  of  about  10  eyeles  per  second  as  the  maximum  frequency  used  in 
the  computation.  Therefore,  If  the  fundamental  frequency  of  an  oscillatory  function 
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is  over  10  cycles  per  second,  the  computation  should  be  slowed  down  by  a  time  factor, 
However,  if  the  variation  of  parameters  were  so  slow  as  to  cause  the  computation  time 
to  run  into  hours,  then  the  computation  is  scaled  up  by  a  time  factor. 

C,  Initial  Conditions 

When  computing  the  behavior  of  a  dynamic  system  (a  typical  problem  for  the 
analog  computer),  the  conditions  of  the  system  when  the  computation  begins  must  be 
stated.  These  Initial  conditions#  which  may  be  the  Initial  position  of  some  mass  or  Its 
initial  velocity,  or  the  initial  flow  or  pressure  In  a  hemodynamic  system,  are  repre¬ 
sented  by  voltages  Impressed  across  the  amplifier  Inputs  or  outputs  before  the  computa¬ 
tion  begins,  foroihg  the  function  to  be  a  certain  value  at  time  zero.  The  Internal 
power  supplies  of  the  computer  are  needed  for  this  application. 

Usually,  the  Initial  condition  voltage  Is  Impressed  across  the  capacitor  In  the 
integrating  circuit,  which  makes  it  Imperative  that  the  capacitors  be  of  high  quality, 
have  low  leakage,  and  be  stable  with  time.  Often  the  capacitors,  as  well  as  the  re¬ 
sistors,  are  kept  In  a  thermostatically  controlled  chamber  to  minimize  changes  because 
of  temperature  variations.  After  the  computation  starts,  the  Initial  conditions  are  re¬ 
moved  from  the  computer  by  relay  controls . 

D.  Sample  Problems 

„  A  typical  problem  for  the  analog  computer  is  the  solution  of  a  differential 
equation  representing  the  Interactions  In  a  physiological  control  system.  This  mathe¬ 
matical  description  of  the  physics  of  a  system  ts  common  to  all  fields  of  science,  from 
electronics  to  physiology.  A  typical  problem  Is  a  second-degree  differential'  equation 
(linear  with  constant  coefficients)  of  the  farm 

°z  +  '5?"  +  a°y  “  Au°^ 

which  describes  a  damped  sinusoidal  oscillation  generated  by  a  step  change  input  to 
the  system.  Rewriting  the  equation  to  solve  for  the  highest  order  derivative: 

Sji  -  A/a2  u0  (t)  -  Oq/02  y  -  ai  /a 2 

The  mechanization  for  this  problem  is  shown  in  figure  141,  If  the  quantities  A/a2, 
a0/a2 ,  and  ai/a2  cause  the  three  quantities  of  which  they  are  coefficients  to  be 
greater  than  100,  then  amplitude  scaling  Is  necessary,  it  can  be  shown  thaty^a0  Is  the 
natural  frequency  of  the  system,  and  If  this  quantity  is  over  10  cycles  per  second,  then 
time  scaling  may  be  necessary. 
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Figure  141 .  Solution  of  a  Sample  Problem  on  an  Analog  Computer 

The  first  operational  amplifier  (1)  li  limply  an  adder  circuit,  adding  the  three 
Input  quantities  to  form  d^y/dt?  ai  defined  In  the  above  equation.  The  next  amplifier 
(50  It  connected  at  an  Integrator  (at  well  at  Inverting),  forming  -dy/dt;  the  third 
amplifier  forms  y  by  Integrating  again.  To  form  the  Inputs  for  the  first  amplifier,  the 
coefficient  potentiometers  are  set,  and  an  inversion  Is  performed  In  the  fourth  amplifier 
to  change  -dy/dt  to  +dy  dt,  which  It  required.  Since  the  amplifier  (1)  performs  an 
Inversion,  the  algebraic  sum  It  correct.  At  the  problem  It  mechanized,  the  Initial 
conditions  are  considered  to  be  zero;  t.e.,  at  time**  0,  y  ■  o  and  dy/dt*  0.  If 
this  were  not  the  case,  then  voltage  sources  of  the  right  magnitude  and  polarity  are 
connected  across  the  appropriate  amplifiers  to  force  the  proper  Initial  conditions.  At 
the  time  the  computation  starts,  these  voltage  sources  are  disconnected  by  the  relay 
contacts  shown . 

DATA  PROCESSING  APPLICATIONS  IN  PHYSIOLOGICAL  MONITORING 

The  use  of  automatic  data  processing  In  the  field  of  physiological  monitoring  has 
been  somewhat  limited.  This  has  been  due,  In  part,  to  the  unavailability  of  suitable 
equipment,  and  to  the  physiologist's  Ignorance  of  suitable  techniques.  More  Impor¬ 
tant,  perhaps,  has  been  the  simple  lack  of  knowledge:  In  many  instances,  normal 
responses  of  the  human  to  environmental  stress  are  unknown.  Further,  all  the  psycho¬ 
logical,  physiological,  and  environmental  factors  bearing  on  a  measurement  situation 
must  be  known  and  must  be  categorized  for  effective  machine  operations. 

Historically,  data  analysis  has  been  accomplished  by  a  clinician  or  physiologist, 
using  what  precise  measurements  he  could  obtain,  and  comparing  them  to  past  records, 
measurements,  and  case  histories.  Hts  determinations  are  often  subjective,  being  made 
on  knowledge  of  contributing  factors  which  Is  largely  unquantified.  The  major  task  In 
attempting  to  automate  the  processing  of  physiological  data  is  the  accumulation  and 
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categorization  of  sufficient  quantitative  data  so  that  the  fast  but  relatively  simple 
operations  of  data  processing  equipment  can  accomplish  the  sophisticated  but  slow 
comparison  of  the  trained  clinician. 

Most  activity  in  this  field  to  date  has  been  In  two  areas  where  a  relatively  large 
store  of  such  data  exists:  electrocardiography  and  electroencephalography. 

I .  Electrocardiography 

Data  processing  techniques  for  the  analysis  of  the  electrocardiogram  generally  are 
divided  into  two  phases:  the  preparation  of  the  data  for  the  automatic  analysis  and  the 
analysis  Itself. 

A.  Data  Preparation 

Obviously,  the  process  for  preparing  data  differs  depending  on  the  type  of 
computer  that  is  used.  If  the  automatic  data  processing  technique  Involves  the  use  of 
an  analog  computer,  the  data  must  be  in  a  form  compatible  with  the  Input  requirements 
of  the  computer.  For  an  ECO,  this  involves  either  recording  the  original  ECG  and 
slowing  down  the  playback  recording,  or  else  filtering  the  ECG  to  remove  the  higher 
frequencies,  because  the  ECG  has  a  broader  frequency  band  than  most  analog  com¬ 
puters  can  handle  adequately.  The  recording -and -playback-at-slower-tpeed  method 
often  is  superior  because  no  information  Is  lost,  as  opposed  to  the  filtering  technique. 
The  final  decision  depends  upon  what  parameter  of  the  ECG  is  of  real  interest. 

if  the  data  are  being  prepared  for  digital  computer  analysis,  the  first  step  is 
to  digitize  the  incoming  ECG.  With  a  bandwidth  of  200  cycles  per  second  considered 
significant,  a  sampling  rate  of  1000  samples  per  second  was  used  by  one  group  (ref. 
53).  This  digitized  form  of  the  ECG  waveform  then  was  converted  by  an  analog-to- 
digital  converter  to  a  36-character  word,  seven  characters  per  lead  representing  the 
numerical  value  of  the  ECG  and  the  remaining  characters  used  for  identification  pur¬ 
poses.  This  form  of  the  ECG  was  available  for  computer  analysis,  using  the  IBM  704 
Data  Processing  System.  This  format  is  typical  of  most  arrangements  for  digital  com¬ 
puter  processing  of  the  Information. 

B.  Data  Analysis 

The  method  of  analyzing  an  ECG  with  automated  techniques  is  a  decision  to 
be  made  by  the  experimenter  based  on  the  use  he  intends  to  make  of  the  information. 
The  duration  of  the  P,  QRS,  and  T  segments  of  the  ECG  waveform  is  one  parameter  of 
interest  for  some  researchers.  Either  analog  (ref.  20)  or  digital  (ref.  39)  techniques 
may  be  used .  Other  researchers  have  investigated  tho  correspondence  between  ven¬ 
tricular  gradient  characteristics  and  cardiac  irregularities  (ref.  38).  Both  analog  (ref. 
29)  and  digital  (ref.  53)  techniques  have  been  used  to  determine  the  polar  vector  for 
use  in  diagnosis  and  standard  categorization  of  ECG  signals.  Other  work  has  included 
the  extraction  of  standard  ECG  waveshape  parameters  (ref.  8). 
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II.  Electroencephalography 

A.  Data  Preparation 

In  general  the  preparation  of  EEG data  it  similar  to  that  for  ECG.  A  sampling 
rate  of  45  kc  to  form  binary  coded  information  was  used  by  one  group  (ref.  56). 
Smoothing  the  data  by  passing  the  waveshape  through  a  low-pass  filter  before  digitizing 
can  eliminate  some  of  the  noise  superimposed  on  the  EEG  and  reduce  the  necessary 
sampling  rate  . 

B.  Data  Analysis 

As  in  the  case  of  the  ECG,  the  analysts  of  EEG  Information  using  automated 
techniques  depends  greatly  upon  the  researcher's  goals.  Programs  for  EEG  pattern 
recognition  have  been  constructed  by  numerous  workers  in  the  field  (ref.  7,  13,  43). 
Digital  computer  techniques  also  are  used  to  separate  the  effects  of  environment  on  the 
observed  EEG  from  the  intrinsic  EEG  patterns  caused  by  stress,  fatigue,  and  other  men¬ 
tal  reactions  (ref.  18).  An  involved  time  series  analysis  performs  a  mathematical 
mapping  of  the  EEG  responses  in  such  a  way  that  it  is  possible  to  distinguish  the  effects 
of  fatigue  from  among  the  normal  variations  and  noise  present.  In  the  EEG. 

Although  most  of  the  methods  of  analysis  Involve  the  use  of  the  analog  or 
digital  computer,  some  simpler  means  of  data  reduction  and  analysis  are  available. 
One  method  (ref.  28)  simply  Involves  the  punching  on  cards  of  the  collected  EEG  data 
for  ease  in  future  diagnosis  and  clinical  testing. 

III.  Problems  In  Processing  of  Physiological  Data 

There  are  a  few  problems  associated  with  data  processing  techniques  which,  if  not 
recognized,  can  either  decrease  the  worth  of  the  data  obtained,  or  in  the  extreme, 
render  the  data  useless  while  consuming  time  and  money.  In  most  cases  these  problem 
areas  lie  in  the  realm  of  initial  preparation  of  the  data  for  computer  use  after  having 
obtained  the  raw  data. 

A.  Sampling  and  Digitizing 

When  the  Input  data  are  being  prepared  for  digital  computer  computation, 
errors  can  occur  when  the  data  are  digitized.  The  rate  at  which  the  data  are  sampled 
for  digitizing  Is  a  function  of  the  highest  frequency  components  contained  In  the  data. 
If  f*  is  the  highest  frequency  contained  in  a  composite  signal,  the  sampling  rate  must 
be  greater  than  2f*  for  unambiguous  results  (ref.  22).  Generally  it  is  preferred  to  keep 
the  sampling  rate  as  low  as  possible.  The  faster  the  sampling  rate,  the  more  memory 
locations  will  be  necessary  to  store  the  digitized  data.  If  there  are  high-frequency 
components  that  are  not  of  interest,  they  must  be  filtered  out  before  the  sampling  takes 
place,  if  a  lower  sampling  frequency  is  to  be  used.  Sampling  cannot  take  the  place  of 
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The  analog-to-digital  converter  has  only  a  finite  accuracy.  A  knowledge  of 
this  accuracy  is  essential  if  the  results  obtained  from  the  data  computation  are  to  be 
trusted  and  used.  The  accuracy  Is  determined  by  the  value  of  the  least  significant  bit. 

B.  Editing 

If  the  results  of  an  experiment  produce  great  quantities  of  data,  there  is  the 
problem  concerning  the  disposition  of  the  data.  Either  all  data  are  entered  into  the 
computing  system  and  the  computer  and  programmer  extract  the  significant  portions,  or 
the  data  must  be  pre-edited  before  being  entered  into  the  computational  device.  If  all 
data  are  entered,  then  sufficient  storage  space  within  the  computer  must  be  assured, 
and  sufficient  time  must  be  allowed  to  tort  and  edit  the  information.  Time  on  a  digital 
computer  Is  relatively  expensive;  however,  man  Is  relatively  slow  when  called  upon  to 
sort  the  immense  quantities  of  information  involved.  Therefore,  the  most  efficient  and 
economical  manner  of  data  retrieval  must  be  chosen  carefully. 

C.  Calibration 

Because  of  variations  in  both  the  electronic  equipment  associated  with  data 
recording  and  the  values  of  physiological  parameters  associated  with  biological  signals, 
some  means  of  calibration  must  be  included  with  the  data  Input  procedure  to  insure  the 
standardization  of  computations.  This  procedure  may  be  as  simple  as  including  a  cali¬ 
bration  signal  of  some  known  amplitude  at  the  beginning  and  end  of  the  Input  Informa¬ 
tion.  The  automatic  data  processor  adjusts  the  digitizer  or  converter  to  normalize  the 
voltage  for  the  use  of  the  computer,  as  well  as  indicating  the  normalization  factor  so 
that  the  true  amplitude  can  be  known. 

D.  Standardization  of  Data  Form 

There  are  many  different  computer  systems  used  in  different  facilities.  Each 
system  generally  has  Its  own  unique  format  In  digitizing  information  for  computational 
purposes.  Within  a  given  faciltty,  this  causes  no  problem,  but  when  Information  and 
data  aro  to  be  exchanged  among  facilities,  or  If  a  centralized  computer  facility  proc¬ 
esses  input  data  from  many  collection  agencies,  the  need  for  standardized  formats  is 
imperative . 

In  digital  tape  formats,  the  standardization  specifications  Include  recording 
density,  parity  check  convention,  and  the  length  of  the  blank  tape  between  adjacent 
sets  of  data.  Other  digital  conventions  include  the  standardization  of  punched  card 
codes,  sizes  of  punched  cards,  punched  paper  tape  codes,  widths  of  punched  paper 
tape,  and  formats  of  information  on  the  paper  tape. 

Within  the  recording  of  the  parameters  themselves  standardization  Is  necessary 
In  lead  placement,  electrode  placement,  and  other  physical  factors  which  influence 
the  Interchangeability  of  data  between  experimenters. 
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Carbon  granule  transducer,  23 
Card  sorter,  202 
Carrier  amplifier,  73 
Cathode  ray  oscilloscope 
analog  computer  output,  236 
cathode  ray  tube,  1 1 1 
operating  controls,  114 
Channel  capacity 

and  bandwidth,  136-160 
effect  of  noise,  160-161 
In  typical  PDM  system,  193-194 
Chart  drive  mechanism,  recorder,  101,  104,  110 
Chart  reader,  automatic,  214,  233 
Chopper  amplifier,  74 
CHU,  136 
Clock  oscillator 
timing  circuit,  133 
typical  PDM  appl  lection,  193 
COBOL  computer  coding,  228 
Common  mode  rejection 

differential  amplifier,  61,  71 
single-ended  amplifier,  61,  70 
Commutator 

for  pulse  modulation,  133,  187,  189 
for  time-division  multiplexing,  137 
Computer,  general 

advantages  In  data  processing,  198 
applications,  244-247 
when  useful,  203-204 
Counting  circuit 

digital  voltmeter,  93 
PDM  system,  193 
Coupling,  Interstage,  72 
Curvilinear  recording,  102 

Damping,  meter,  98-99 
D-c  amplification 

with  carrier  amplifiers,  73 
with  chopper  amplifiers,  74 
D-c  amplifier,  162,  231 
Decibel  notation 
amplifier  gain,  37 
common  mode  re  lection,  61 
signal -to-nol>e  ratio,  60 
Delay  lines,  acoustic,  223 
Demodulation 
AM,  177-178 
FM,  183-186 
general,  81-82 
PCM,  191 

Differential  amplifier,  71 
Differential  response,  mognetle  tape,  122 
Differential  transformer,  26 
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Differentiator,  82-83 
Digital  computer,  201,  207 
binary  notation,  204-206 
Input  devleei,  .207 
memory  devleei,  218 
output  devleei,  213 
programming,  223-229 
register,  217-223 
sequence  of  operation, .  229 
Digital  counter,  133 
Digital  display,  96 

Digital  recording,  magnetic  tape,  125 
Digital -to-analog  converter,  233 
Digital -to-dlgltal  converter,  214 
Discriminator,  FM,  186 
Displacement  transducer,  15 
applications,  16-17 
plexoeleotrlc,  17 
variable  reaatanee,  23 
variable  resistance,  18 
Display,  digital,  96 
Display,  graphic 

Indicator  and  meter,  90 
oscilloscope,  ill 
television,  117 
Drift 

amplifier,  59 
d-c  amplifier,  72 
effect  of  temperature,  60 
FM  oscillator,  166 
power  supply  variations,  59 
thermistor,  31 

Dynamic  range,  amplifier,  62 

Electrocardiography 
data  analysis,  245 
electrodes  for,  6-8,  13 
Electrochemical  transducer,  47 
Electrode,  oxygen,  47-48 
Electrodes,  sensing,  3-15 
E  leetroeneephalography 
data  analysis,  246 
electrodes  for,  6-8 
Electromagnetic  transducer 
chart  reader,  214 
damping,  98-99 
galvanometer  movement,  90-91 
velocity  measurement,  51 
Environmental  monitoring,  51-55 
acceleration,  32 
environmental  gas,  52 
radiation,  33 
velocity,  51 

Equalisation,  magnetic  tape,  122,  124 
Filter 

AM  detection,  17B 
bandwidth  control,  85,  163 
FM/FM  receiver,  169-170 
phase  shift,  85 
power  supply,  140 
Flip-flop,  use  in 

computer  register,  218 


Flip-flop,  use  In  (Cont.) 
counting  circuit,  133-134 
digital  tape  recording,  125-126 
pulsed  telemetry,  193 
timing  circuit,  133-135 
Flutter  end  wow,  magnetic  tape,  130 
Format,  computer,  224,  229,  247 
FORTRAN  programming,  226-229 
Frequency  allocation 

FM/FM  subearrter,  181,  183 
radio  telemetry,  195 
Frequency  modulation,  60 
bandwidth,  184 
basic  types,  179-181 
In  radio  transmission  systems,  179 
time-domain  transmission,  152 
transmitter,  166-167 
Frequency  response 
amplifier,  56 
and  filtering,  85 
end  RC  coupling,  5? 
end  transformer  coupling,  72 
galvanometer,  92,  99,  103,  103,  107 
In  FM  transmission,  184 
microphone,  16 
operational  amplifier,  231 
pleioelectrlc  transducer,  18 
potentlometrlo  recorder,  110 
potentlametrle  transducer,  25 
strain  gage,  20,  22,  23,  24 
Function  generator,  238 

Gage  factor,  19-2) 

Gain 

amplifier,  57 

current  pain  In  transistor,  63 
operational  amplifier,  231 
Galvanic  skin  response,  9-10 
Galvanometer 
damping,  98-99 
Indicator,  90 
oscillograph,  98,  105 
Gas  analysis 

environmental,  52-53 
In  blood,  47-48 
respiratory,  43 

Harmonlo  distortion 
amplifier,  61 

magnetic  tape  recorder,  131 
Hum,  60 

Hypoxia  warning  device,  49 
Hysteresis,  121 

Impedanee 

Input/output,  59,  63-64 
skin-electrode  junction,  5,  13 
Impedonce  matching 

by  transformer  coupling,  72 
In  wire  link,  163 
mercury  strain  gage,  24 
photovoltaic  transducer,  39 
Inductor,  66 


Information  theory,  157-162 
Integrator,  84 

operational  amplifier,  231-232 
Interference  sources,  telemetry,  151 
Ionisation  tube,  In  transducer,  27,  77 
Isolation,  and  drift,  59 

Kymograph,  116 

limiter,  87 

Linearity,  amplifier,  61 

Magnetic  core,  memory,  219-220 
Magnetla  dlse,  memory,  222 
Magnetic  drum,  memory,  221*222 
Magnetic  tape  recording,  119 
basic  techniques,  ISO-127 
derivative  output,  122 
for  computer  operation,  207,  208,  215,  219, 
233,  235 

frequency  response,  123,  125,  131-132 
performance  characteristics,  131-132 
recorder,  components,  128-130 
recorder  Impedance,  121-122,  131-133 
recording  tape,  120,  131 
Magnitude -domain  transmission,  150 
Memory  device,  computer,  218-223 
Microphone,  16,  50 
Modulation,  79-81 

basic  techniques,  150-155 
degree,  PM,  185 
In  wire-carrier  system,  164 
percentage,  AM,  176 
Muitlohannel  recording 
magnetic  tape,  128-129 
oscillograph,  103,  108 
oscilloscope,  115 
Multiplexing,  155-156,  181-183 
Multiplier,  analog  computer,  236-237 
Multivibrator,  In  timing  circuit,  133,  135 

Noise 

and  channel  capacity,  160-161 
In  amplifier,  60 
In  telemetry  link,  152 
Nonlinearity 

In  magnetic  tape  recording,  120-121 
In  telemetry  link,  152 

Operational  amplifier,  231-232 
Optical  galvanometer,  105 
Oscillator,  87,  135,  193 
Oscillograph,  97-105,  110 
Oscilloscope,  111,  236 
Oximetry,  41 

Oxygen  measurement,  41,  48-49 

Personal  telemetry,  191 
Phase  modulation,  180-181 
Phase  shift 

caused  by  filtering,  85 
In  amplifier,  58 


Phonocardlograph,  16 

displacement  transducer  for,  16 
Photoconductlve  transducer,  36 
Photoelectric  transducer,  for 
chart  reader,  214,  233 
function  generator,  239 
power  supply,  147 
Photoemtsslve  transducer,  42 
Photographic  recording 
optical  galvanometer,  109 
oscilloscope,  116 
subject  monitoring,  50 
Photovoltaic  transducer,  39 
Pleeoeleetrlc  transducer,  17-18 
Plethysmography,  39 
Polarisation,  electrode,  5 
Polarographlo  cell,  47 
Potentiometer,  scaling,  233 
Potentiometer,  tapped,  239 
Potentlometrlc  recorder,  110 
Potentlometrlc  transducer,  24 
Power  amplifier,  68-70 
Power  output,  amplifier,  61 
Power  supply,  136-148 
Predeteetlon  recording,  telemetry,  127 
Printer,  computer  output,  216 
Programming,  digital  computer,  223-230 
Pulse-amplitude  modulation,  154,  187 
Pulse-code  modulation,  154,  190 
Pulse-duration  modulation,  153,  189,  193 
Pulse  generator,  87 
Pulse  monitoring,'  38 
Pulse-position  modulation,  154,  190 
Pulse  wave  measurement,  16 
Punched  card,  202,  208,  215 
Punched  paper  tape,  209-210,  216 

Radiation  transducer,  53-55 
Radio  transmission 
AM  system,  174 
antenna,  170 
PM  system,  179 
general  capabilities,  151-156 
pulse  system,  187 
receiver,  168 
transmitter,  165 
Ratio  detector,  PM,  84 
Receiver,  168 

Recorder,  graphic,  97-98,  105,  110 
use  with  computer,  233,  235 
Recorder,  magnetic  tape,  119-133 
Rectifier 

AM  detection,  178 
power  supply,  138-140 
Rectilinear  recording,  102 
Register,  computer,  217 
Resistor,  65 

Respiration  measurement 

with  displacement  transducer,  17 
with  temperature  transducer,  35 
Response  time,  thermistor,  32 
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Sampling  technique 

and  channel  capacity,  159 
basic  PAM  method,  153,  187 
baric  tlmc-dlvlilon  multiplexing,  157 
In  computer  date  processing,  245 
In  typical  POM  iy*tem,  193 
Sideband 
AM,  175 
PM,  134 
Signal  modifier 
amplifier,  54 
attenuator,  78 
demodulator,  I) 
differentiator,  83 
filter,  85 
Integrator,  84 
limiter,  87 
modulator,  79 
Mediator,  87 
pulte  generator,  87 
trigger  circuit,  89 
where  wed,  56 
Signal -to-nolie  ratio,  40 
and  ehannel  capacity,  160 
Single-ended  amplifier,  68 
Sphygmomanometer,  16 
Stability,  amplifier,  59 
Strain  gage,  18-24 
Stylw,  recorder,  101 
Subearrler  Mediator,  181-182 

Tom  recording,  magnetic,  119 
Telemetry 

bwle  technique,  150-157 
radio  system,  165-195 
wire  system,  162-165 
Televlilon  dliplay,  117 
Temperature  effects,  on 
amplifier,  60 
microphone,  25 
■train  gage,  20,  22 
thermocouple  junction,  34 


Temperature  effCcti,  on  (Cant.) 
tranilttor,  65 

Temperature  measurement,  35 
Temperature  transducers,  29-34 
Thermtitor,  31-32 
Thermocouple,  32 
Time-domain  trammluton,  152 
Timing  deview,  133-135,  193 
Transducers,  15-55 
Tra  reformer 
coupling,  72 

differential,  tramduMr,  26 
power  supply,  137 
Tranilent  blocking,  60,  72 
Tranrittor,  63-64 
Transmitter,  telemetry,  165 
Trttger  circuit,  89 

Typewriter,  uie  with  computer,  215,  217 
Vacuum  tube,  62 

Variable  capacitance  tramducer,  27,  77 
'  Variable  Inductance  tramducer,  26 
Variable  rwlitanae  tramducer 
dbplaeement,  18,  24,  25 
temperature,  29-30 
Veatoeerdlagreph  display,  115 
Velocity  trantduaen,  5) 

Vibration,  In  traramlHer,  166-167 
Vibrocardiograph,  16 
VoIm  communication,  50,  117 
Voltage  amplifier,  70 
Voltage  divider,  79 
Voltage  regulation 
and  *lft,  59 
In  analog  computer,  240 
In  power  supply,  141-142 


Wire  transmission,  150,  162-165 
WWV,  WWVH,  136 

X-V recording,  108-109,  111,  115 


